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FOREWORD

This report was compiled by the Materials Integrity Branch, Systems
Support Division, Materials Laboratory, Air Force Wright Aeronautical
Laboratories, Wright-Patterson AFB, Ohio. It was initiated under Task
24180704 "Corrosion Control & Failure Analysis" with Thomas D. Cooper as
the Project Engineer.

This technical report was submitted by the editors.

The purpose of this 1987 Conference was to bring together technical
personnel in DOD and the aerospace industry who are involved in the
various technologies required to insure the structural integrity of
aircraft gas turbine engines and airframes. It provided a forum to
exchange ideas and share n2w information relating to the critical
aspects of durability and damage tolerance technology for aircraft
systems. The Conference was sponsored by the Aeronautical Systems
Division Deputy for Engineering and Materials Laboratory of the Air
Force Wright Aeronautical Laboratories, Wright-Patterson AFB, Ohio. It
was hosted by the Air Force Logistics Command's San Antonio Air
Logistics Center.
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AGENDA

TUESDAY. 1 DECEMBER 1987

0830 - 0900 Introduction and Welcoming Comments
Major General L. G. Curtis, Commander, SA-ALC
Col R. Roberts, SA-ALC/MM

SESSION I. COMPOSITE STRUCTURES

Chairman - T. D. Cooper, AFWAL/MLSA

0900 - 0930 Lessons Learned for Composite Aircraft Structures
Qualification
R. S. Whitehead, Northrop

0930 - 1000 Development of a Graphite/Bismaleimide Leading Edge for the
F-111 (EF-111) Horizontal Stabilizer
J. A. Suarez, Grumman Aircraft
Capt C. Nolet, SM-ALC/MMEP, McClellan AFB CA
Lt M. Carteaux, AFWAL/FIBAC

1000 - 1030 REFRESHMENT BREAK

1030 - 1100 An Expert System Advisor for Damage Repair of Composite
Wing Skins
H. Smith, Jr., McDonnell
C. Saff, McDonnell _
T. F. Christian, Jr., WR-ALC/MMSRD

1100 - 1130 C-141 Repair of Metal Structures by Use of Composites
J. B. Cochran, Lockheed
T. F. Christian, Jr., WR-ALC/MMSRD
.D. 0. Hammond, WR-ALC/MMSRD

1130 - 1200 Nondestructive Evaluation of Composite Materials
T. J. Moran, AFWAL/MLLP
C. F. Buynak, AFWAL/MLLP

1200 - 1330 LUNCH

SESSION II. METALLIC STRUCTURES

Chairman - J. W. Lincoln, ASD/ENFS

1330 - 1400 Damage Tolerance in Pressurized Fuselages
T. Swift, Federal Aviation Administration

1400 - 1430 F-16C Full-Scale Airframe Durability Test
Lt K. Welch, ASD/YPEF
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1430 - 1500 Residual Strength Testing of C-130 Outer Wings
K. E. Brown, Lockheed
W. 0. Greenhaw, WR-ALC/MMSRD

1500 - 1530 REFRESHMENT BREAK

1530 - 1600 A Unique C-5A Structural Modification
J. A. White, Lockheed

1600 - 1630 Al-Li Wing Skin Program - Overview
S. Forness, McDonnell
S. Pollock, AFWAL/FIBAA
J. Burns, AFWAL/FIBEC

1630 - 1700 Lessons Learned from the T-46A Durability and Damage
Tolerance Program
H. C. Yeh, ASD/AFEF
R. J. Veidman, ASD/AFEF

1730 - 1900 RECEPTION

WEDNESDAY, 2 DECEMBER 1987

SESSION III. NECSIP/ENSIP

Chairman - W. D. Cowie, ASD/YZEE

0830 - 0900 Mechanical Subsystems and Equipment Integrity Program
(MECSIP) - A Status Report
H. A. Wood, ASD/ENF

0900 - 0930 A Review of the Quality of Screw Threaded Products
C. L. Petrin, Jr., ASD/ENFS

0930 - 1000 Gas Turbine Engine Durability and Damage Tolerance
Assessments
J. Ogg, ASD/ERF

1000 - 1030 REFRESHMENT BREAK

1030 - 1100 Cryogenic Proof Test - A Positive Inspection Technique
T. T. King, Pratt & Whitney

1100 - 1130 Retirement for Cause and the F100 Engine
J. A. Harris, Jr., Pratt & Whitney
M. C. Van Wanderham, Pratt & Whitney

1130 - 1200 Retirement for Cause Nondestructive Evaluation System
B. Rasmussen, AFWAL/MLTM
Wally C. Hoppe, Systems Research Laboratory

1200 - 1330 OPEN LUNCH

1330 - 1630 Tour - San Antonio Air Logistics Center
Southwest Research Institute
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SESSION IV. NATERIALS/TRACKING

Chairman - C. L. Petrin, Jr., ASD/ENFS

2000 - 2030 Corrosion Forecasting Model for the C-5 Aircraft S
R. N. Miller, Lockheed
R. H. Meyer, AFWAL/MLSA

2030 - 2100 An Aluminum Quality Breakthrough for Aircraft Structural
Reliability
R. J. Bucci, Alcoa
C. R. Owen, Alcoa
R. J. Kegarise, Alcoa

2100 - 2130 Optical Disk Aircraft/Engine Structural Data Recorder

H. Waruszewski, Honeywell
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SESSION V. HSIP/ANALYSES/METHODS

Chairman - R. M. Bader, AFWAL/FIB

0830 - 0900 Application of Damage Tolerance to the H-53 Helicopter
G. J. Schneider, Sikorsky

0900 - 0930 Individual Helicopter Tracking Program (IHTP) for the Model
MH-53J Helicopter
J. G. B. Daniel], Sikorsky •

0930 - 1000 F109 Engine Gyroscopic Qualifications Test
H. Maertins, Garrett Turbine Engine Company

1000 - 1030 REFRESHMENT BREAK

1030 - 1100 Photoelasticitv - A Cost Effective Design Tool
J. Cernosek, Stress Strain Laboratories

1100 - 1130 Data for Finite Element Models of USAF Aircraft
V. B. Venkayya, AFWAL/FIBRA

1130 - 1200 "Smart" Structures
Capt C. Mazur, AFWAL/FIBEC
T. G. Gerardi, AFWAL/FIBE
G. P. Sendeckyj, AFWAL/FIBE

1200 - 1330 LUNCH
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Chairman - J. A. Turner, SA-ALC/MMSA

1330 - 1400 Anomalies in F-16 Flight Loads Measurement S
D. 0. Cornog, ASD/YPEF
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T. C. Bell, Lockheed
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K. Schrader, Southwest Research Institute

1500 - 1530 REFRESHMENT BREAK

1530 - 1600 Peak Identification Techniques
W. A. Sparks, Engineering Consultant

1600 - 1630 Edit/Pre-Analysis
D. G. Butts, Alamo Technology
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L L -INTRODUCTION .8 -

This report contains the proceedings of the 1987 Aircraft/Engine 4
(ASIP/ENSIP) Conference held at the Hilton Palacio Del Rio Hotel in San
Antonio, Texas f h4e-ti-f-i..it-through- -the-third of December of I98A. The
conference, which was sponsored by the ASD Deputy for Engineering and the
AFWAL Materials Laboratory, was hosted by the San Antonio Air Logistics
Center Material Management Directorate Fighter/Tactical/Management Division
(SA-ALC/,MS). ,

• The program for this year followed the format of the 1986 conference by
including papers from integrity programs for aircraft and engines. The
papers given on engine nondestructive inspections were particularly relevant 6
to the work in this field at the SA-ALC. Also included in this years
program was an update of the work in mechanical subsystems integrity
(MECSIP) that was introduced at the 1985 ASIP Conference. The high quality
of papers given at the conference attests to the good work in progress to
maintain the structural reliability of aircraft.

The sponsors are indebted to their hosts for their support of the
conference which included arranging for speakers and tours. They made the
arrangements for Major General L. G. Curtis to get the meeting off to a good
start with some very timely remarks. They also arranged for tours of the
San Antonio Air Logistic Center and the Southwest Research Institute. The
sponsors are appreciative of the efforts made by these two organizations to
make the these tour events significant contributions to the success of the
conference. They are also indebted to the conference speakers for their
excellent technical presentations and to the attendees for their support of
the conference. Much of the success of this conference is due to the
efforts of Jill Jennewine and David Bell from the Universal Technology
Corporation. Their contribution is appreciated.

John W. Lincoln Thomas D. Cooper
AS D/E NFS AFWAL/MLSA

6
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LESSONS LEARNED FOR COMPOSITE AIRCRAFT
STRUCTURES QUALIFICATION

ABSTRACT

An overview of the extensive experience, lessons

learned, and recommended certification procedures

from two major USAF composite R&D programs is pre-

sented. Subject areas discussed in detail are static

strength, fatigue/durability, and damage tolerance.

INTRODUCTION

The increased application of advanced composite materials in aircraft

structures requires a critical assessment of the adequacy and applicabi'ity of

existing metallic oriented certification specifications to this emerging class of

materials. To do this, it is necessary to recognize the inherent differences

between metals and composites. These inherent property differences led to

an ad hoc qualification approach for early production hardware. This indi-

vidual requirement development, or pay-as-you-go approach, while satisfying

the immediate need at a "single copy" price, limited generic application and

prolonged airframe development. Thus, In the long run, this approach was

more expensive and time-consuming than a subscription price approach, which

repeatedly uses established standardized specifications. A need exists,

therefore, for an orderly, unified, consistent, and verified approach for

designing, certifying, and force managing composite structures. This need

has been addressed In two Air Force sponsored R&D programs. The purpose

of these programs was to develop an extensive test data base on specimens

ranging in complexity from coupons through elements, element combinations,

subcomponents, and full-scale wing and fuselage structures. This data base

was then used to develop draft certification specifications for static strength,

durability, and damage tolerance. In addition to the specifications, certifi-

cation compliance procedures were also developed. Details of this work were

9
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presented previously in the open literature in References 1-8. This paper

discusses experience, lessons learned, and recommended certification proce-

dures for static strength, fatigue/ durability, and damage tolerance of com-

posite structures.

STATIC STRENGTH

Experience

Static strength testing of composites has shown that several inherent

differences exist between composites and metals. These inherent differences

are summarized in Figures 1-4.

Figure 1 compares the static strength notch sensitivity of composites

and metals to stress concentrations such as fastener holes. The notched

strength of metals follows the net section strength reduction line. In con-

trast, composites are very notch sensitive to fastener holes under both

tension and compression loading. In fact, this behavior is similar to the

1.0 .= Open Hole U

0.8- Metal(I)

0C
C 0.6"

Compression
0)c 0.4-
Q)

Composite' Tension
0.2-

oI I I I I I

Z 0.2 0.4 0.6 0.8 1.0 1.2

Hole Diameter (in.)
FIGURE 1. STATIC NOTCH SENSITIVITY COMPARISON OF GRAPHITE/EPOXY

AND ALUMINUM TO FASTENER HOLES
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s L
E = 10 Msit
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M Metal 7075-T6T

C
g 100
W)
C
.0

c 50-
I.- 7,1

Loading Direction
FIUE2. INFLUENCE OF LOADING DIRECTION ON GRAPHITE/EPOXY AND

ALUMINUM STATIC STRENGTH

-100

4;80

rn 60
C
.0

U) Composite
PD 40 (AS43501 -6)

C1 1.2% Moisture
E
o 20 __ _ _ _

0 100o 200 300
Temperature (F)

FIGURE 3. INFLUENCE OF ENVIRONMENT ON
COMPRESSION STATIC STRENGTH RETENTION

Static StrengthDeinAlwb/
Material Variabilty Deinelab e

aL C.V.()
Aluminum 35 3.5 0.95

Composite -

Laminate 20 6.5 0.89

Composite -

Bonded/Cocured 12 10.0 0.84

FIGURE 4. COMPARISON OF STATIC STRENGTH VARIABILITY OF
COMPOSITES AND METALS
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linear elastic response of metals in the presence of fatigue cracks. The static

strength notch sensitivity of composites is caused by their essentially linear

elastic load-strain response. The sensitivity of static strength to loading

direction is also different for composites and metals. Figure 2 shows this B

comparison for longitudinal (L), transverse (T), and out-of-plane (S) tension

loading. Aluminum static strength is relatively insensitive to loading

direction. In contrast, graphite/epoxy static strength is significantly

influenced by loading direction. This is caused by the snisotropic charac-

teristics of composites. The differences in L and T direction strength are

simply a function of the percent 00, +450 and 900 plies used in the layup.

However, strength in the S direction is controlled by the interlaminar tension

strength between the plies, which is very low and is in the 3-4 ksi range.

Composites, which exhibit matrix controlled failure modes (e.g., com-

pression), are sensitive to the aircraft hygrothermal environment. In par-

ticular, the effects of temperature and moisture have a synergistic effect.

Therefore, the strength degradation of composites in hot/wet environments

controls their maximum service usage temperature. Figure 3 shows the influ-

ence of temperature and moisture content on composite compression static

strength. These data are for the 350 0 F cure system AS4/3501-6. Figure 3

shows that as the test temperature is increased above 22 0 0F, strength loss

(relative to ambient) is 15 percent, while at 2500 strength loss is more than

doubled to 33 percent. This large strength loss is due to rapid degeneration

in resin properties (e.g., shear stiffness), which is caused by the resin

approaching its glass transition temperature. In contrast, Figure 3 shows

that aluminum strength is much less sensitive to temperature. Figure 4 com-

pares the static strength variability of composites and metals. Because of

their anisotropic heterogeneous characteristics, composites exhibit higher

variability for laminate failure modes. For cocured composite-to-composite

failure modes, even higher variability (10 percent coefficient of variation) Is

observed. This causes the ratio of the B-basics design allowable to mean

value to be lower for composites compared to metals.

These property differences between composites and metals (notch sensi-

tivity, weak transverse properties, matrix-dominated failures, higher varia-

bility, hygrothermal sensitivity) must be addressed in static strength

12
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structural certification. It is emphasized that these properties do not negate

the weight efficiency of composite structures, just that different parameters

(from metals) are important in composite certification.

The historical approach to design, analysis, and certification of com-

posite structures has been similar throughout the industry. Composite design

methods have been tailored to recognize the unique composite properties

shown in Figures 1-4. In addition, conservative strain allowables (3,000-

5,000 pin/in at design ultimate load) coupled with semi-empirical analysis

methods have been used for flight hardware. Design ultimate load had also

been maintained at 1.5 times design limit load. Structural certification

approaches --have mainly been based on metals experience. This overall

design, analysis, and certification approach has led to the following composite

hardware experience:

1. Significant weight savings compared to metal structure

2. Mixed certification success

3. Successful in-service application.

Problems associated with the static strength certification of

composite structures are discussed below.

Figure 5 shows an outer wing box subcomponent tested in Reference 1.

The box consists of three bays with cocured intermediate spar to lower skin

joints and an upper skin access hole. Fifteen wing boxes were tested as fol-

lows: 1) three room temperature ambient (RTA) static tests; 2) three RTA

residual static strength tests after two lifetimes of severe fatigue loading;

3) three 250 0F/1.3 percent moisture (ETW) static tests and six ETW residual

static strength tests after two lifetimes of severe environmental fatigue

loading. No fatigue failures occurred. The results are presented in Fig-

ure 6. The predicted failure mode for all the RTA tests was a lower skin

failure mode, which was observed in five of the six tests. The failure mode

in the sixth test was an unanticipated separation of the cocured intermediate

spar/lower skin joints. This failure mode was not expected because the joint

had a margin of safety of 1.35. Post-test failure analysis led to the following

scenario for this failure mode. In addition to the shear flow in the joint,

stress analysis of the steel shear clips, which were used to transfer shear

load through the pylon rib, showed that the clips had a low torsional

13
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Up 
A cs ae 2s

Oibor At Leading-Edge .09

21.5'. Rear Spar -0.140" ThickN

PT Lower Skin - 0.154 to 0.269" Thick

FIGURE 5. WING BOX SUBCOMPONENT TESTED IN REFERENCE 1

17-7 Lower Skin
FEE Upper Skin EW=250F11.3% Moisture

140 - t nt Spar/Lower Skin Joint

D 120

0100 -DU

60

~20
0 -

RTA RSS ETW ETW
Static RTA Static RSS

FIGURE 6. SUMMARY OF WING BOX SUBCOMPONENT FAILURE LOADS AND MODES

stiffness. The load carrying capability of the bonded joint was reduced due
to bending moments Induced by the relatively long length, L, of the shear
clip. This is shown in Figure 7. Flexibility of the clip, where it attaches to
the rib, caused the moment Pd to be small relative to VL, with the result that
the moment must be reacted through the skin/spar joint. It was this flatwise
tension load combined with the shear flow which led to the failure in the
cocured joint. To Inhibit this failure mode in the full-scale wing box, the
shear clip was redesigned with enhanced torsional stiffness.

14
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Rib Upper Skin
(Aluminum) _ (Bolted) Upper Spar Cap S

Shear Clip, 0 VoL""I Spar Web -.l

M ... /
Failure Location Lower Skin Bond Line

FIGURE 7. WING BOX SUBCOMPONENT LOWER SKIN/INTERMEDIATE SPAR
JOINT SHEAR CLIP LOADING

The predicted failure mode for all the ETW tests was upper skin failure

at the access hole, which was observed in eight of the nine tests. However,

considerable strength scatter was observed (87 percent to 132 percent DUL).
The ninth specimen failed by the same unanticipated intermediate spar/lower

skin cocured joint failure mode previously observed under RTA conditions.

Following testing of the wing box subcomponents, four full-scale wing

boxes were tested. The failure loads and failure modes are summarized in

Figure 8. The predicted failure mode for the two RTA tests was lower skin

failure. However, both test failures were caused by failure of the ten

intermediate spar/lower skin cocured joints, as shown in Figure 9. This was

the same unexpected failure mode as that observed in the wing box subcom-

ponent and occurred despite a careful redesign of the spar to rib shear clips.
The predicted ETW failure mode was upper skin failure, which was observed

in both test articles. The predicted and observed failure mode change

between RTA and ETW tests was caused by the static design conditions. For
ambient conditions, a subsonic high Nz pull-up maneuver was the most critical

design case, whereas a supersonic moderate lI, pull-up maneuver was the

most critical design case for ETW conditions.

The occurrence of unexpected failure modes in full-scale static strength

tests has occurred in many other hardware development programs.

15
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documented in Reference 9. Unexpected failure modes were observed in three

separate full-scale hardware tests. One example for a transport aircraft

vertical stabilizer is shown in Figure 10.

(- 450)s Cover

Typical Spar Cap
Damage in Primary

- (45O)s Failure Zone

(-+:t 4 50(45°45? 90° 0)s

FIGURE 10. FRONT SPAR CAP FAILURE IN A TRANSPORT AIRCRAFT
VERTICAL STABILIZER STATIC TEST (REFERENCE 9)

The fin failed at 98 percent of design ultimate load during the planned

test to 106 percent of design ultimate load in bending. Failure caused sep- I

aration of the cover and front spar along the entire length of the spar as

well as considerable internal damage to rib structure. After an investigation,

the cause of failure was determined to be due to secondary loads, of which

the principal contributor probably was local buckling of the cover near the

front spar interface. While local buckling beyond limit load was allowed in

the design, the influence of loads caused by buckling on the integrity of the

structure was unexpected. Interlaminar tension forces caused delamination of

the spar cap as shown by the insert In Figure 9 and ultimate separation along

the line of fasteners.

Lessons Learned

Some very important lessons have been learned from our static strength

certification experience. First, the low interlaminar strength of composites

makes them sensitive to out-of-plane loads. Out-of-plane loads can arise

directly (e.g., from fuel pressure) or indirectly from in-plane loads. The
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most difficult loads to design and analyze for are those loads which arise

insidiously in full-scale built-up structures. It is very important, therefore,

to recognize all potential sources of out-of-plane loads and design composite

structure to maximize interlminar strength.

An example of this requirement is presented in Figure 11 for a compos-

ite torque box with cocured substructure and skins which are allowed to

buckle prior to design ultimate load. The skin postbuckling produces out-of-

plane flatwise tension, compression, and bending loads in the spars. The

amount of postbuckling is limited by the strength of the skins, the skin/

substructure interface, and the spar substructure. Figure 11 shows the

possible failure modes for the all-composite torque box subjected to post-

buckling loads. The cover skin can fail if the local outer fiber compression

strength of the laminate is exceeded due to bending, or if the interlaminar

shear strength of the laminate is exceeded. The skin/substructure attach-

ment can fail if delamination occurs in the cocured joint, or if the transverse

load exceeds the pull-through strength of the fasteners/laminate combination,

or the strength of the spar caps or the transverse shear strength of the

flange. In addition, the radius portion of the spar flange/web can fail if the

interlaminar shear or flatwise tension strength is exceeded. Finally, com-

pression failure of the spar web can occur If the web does not have enough

strength to resist the crushing loads induced by buckling of the cover skins

and overall stabilizer bending.

Another important conclusion from our static strength certification

experience is as follows. The full-scale static strength test identifies

structural "hot-spots." This is the reverse of our experience with metal

structures, where "hot-spots" are generally identified in the full-scale fatigue

test.

Figure 12 summarizes the lessons learned from static strength certifica-

tion testing of composite structures.

Certification Recommendations

The follow static strength certification recommendations are based on

the experience and lessons learned described above.

18



NORTHIOP AIRCRAFT DIVISION

Precured Skin Mechanically Interlaminar Shear Failure
Attached to Spar Cocured of Spar Cap or Skin Due

Skin/ to Fastener Pull-Through
.Spar

Interlaminar- / " " Sheara
Failure Flatwise Tension\ albbet Failure in

of Rbbet Radius

Interlaminar
Shear Failure
of Skin

Delamination Due Delamination of
to Matrix Tensile Cocured Joint
Failure Outer Fibers •

FIGURE 11. POTENTIAL OUT-OF-PLANE FAILURE MODES IN A COMPOSITE TORQUE BOX

* Inherent Property Differences Exist Between
Composites and Metals

* Composite Structures Are Sensitive to
Out-of-Plane Loads

* Multiplicity of Potential Failure Modes
" Failure Modes of Full-Scale Structures Are

Difficult to Predict
* Static-Strength Test Identifies Structural

"Hot Spots"

FIGURE 12. SUMMARY OF LESSONS LEARNED FROM STATIC STRENGTH
CERTIFICATION TESTING OF COMPOSITE STRUCTURES

Material selection. Material selection is crucial to the successful

application of composites in primary aircraft structures. Composite materials

have operating limits just as aluminum does. Selection of a composite material
should be based on the relationship between the aircraft hygrothermal envel-

ope and the material operating limits (MOL). The material operating limit is
reached when the synergistic effect of temperature and moisture causes
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severe degradation In resin mechanical properties. Good design practice dic-

tates that composites should not be used in this regime.

The concept of a MOL is shown schematically in Figure 13 for an envi- r

ronmentally sensitive failure mode. The decrease in design allowable strain as

temperature increases is shown for a constant moisture level. Catastrophic

strength loss coincides with severe degradation in resin properties as the

glass transition temperature (Tg) is reached. In order to operate in a sfe

regime, the MOL should be reduced below the Tg by a safety factor K. This

produces the shaded material service envelope shown in Figure 13.

JT9= Glass Transition TemperatureS
K MOL Safety Factor

._0

(U

J0

.OD Envelope

Temperature MOL Tg

FIGURE 13. MATERIAL SELECTION CRITERION

The discussion above appears to be a statement of the obvious. How-

ever, violations of the approach shown in Figure 13 have occurred and have

led to disastrous certification experiences. It should also be noted that

careful compliance with the requirements in Figure 13 will minimize environ-

mental issues in the subsequent certification test program.

Design verification testing. Design development tests are conducted

prior to the full-scale test. The objective of these tests is to validate the

design of critical structural features.

A building block approach to design development testing is crucial for

the certification of composite structures because of their sensitivity to

out-of-plane loads and their multiplicity of potential failure modes. This is

20
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discussed in more detail in Reference 5. The essence of the building block

approach for composites is as follows. First, use the design/analysis of the

aircraft structure to select critical areas for test verification. Second,

determine the most strength-critical failure mode for each design. Third,

select the test environment which will produce the strength critical failure

mode. Special attention should be given to matrix sensitive failure modes

(such as compression and bondline) and potential stress "hot spots" caused

by out-of-plane loads. Following selection of the critical failure modes, a

series of specimens is designed, each one to simulate a single failure mode. S
These specimens will generally be low complexity specimens. However, the

crux of the building approach is to also design test specimens which simulate

progressive design complexity. In this way, multiple potential failure modes

are interrogated.

This building block method to design development testing provides a

step-by-step approach to composite design development testing, which has
several advantages:

I. The influence of the environment on individual failure modes is

determined.

2. The interaction of failure modes is established from the known
behavior of individual failure modes.

3. Scale-up effect is determined from data on smaller-scale specimens.

4. "Hot spots" induced in complex structures can be analyzed relative

to the known behavior of smaller specimens.

Specimen complexity should be a function of the design feature being

validated and the predicted failure mode. Special attention should be given

to correct failure mode simulation, since failure modes are frequently depen-

dent on the test environment. In particular, the influence of complex loading

on the local stress at a given design feature must be evaluated. In compos-

ites, out-of-plane stresses can be detrimental to structural integrity and
therefore require careful evaluation.

An example of the building block approach for specimen complexity is

given in Figure 14, which shows the approach used for the wing structure in

Reference 1. Here the wing structure has been broken down into critical
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FIGURE 14. BUILDING BLOCK APPROACH USED FOR THE WING STRUCTURE
IN REFERENCE 1

areas. Each critical area has been simulated in a test specimen whose com-

plexity is governed by the necessity to simulate all potential failure mode(s).

Particular attention was given to matrix critical failure modes. The following

recommendations are made for specimen complexity simulation in design

development testing:

1. Use the design/analysis of the aircraft structure to select critical

areas for test verification.

2. Specimen complexity should be controlled by the requirement to

simulate the correct (full-scale structure) failure mode(s) in the

specimen.

3. Special attention should be given to matrix sensitive failure modes,

such as compression, bondline, and hole wear.

4. Potential "hot spots" caused by out-of-plane loads should be care-

fully evaluated.

The sensitivity of composite matrix dominated failure modes to the air-

craft hygrothermal environment makes environmental test simulation a key

issue. Environmental test simulation should be considered separately for

static and durability testing. However, the static test philosophy will form
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an integral part of the overall test philosophy. The philosophy for static

design development tests should be that the test environment used will be the

one that produces the failure mode which gives the lowest static strength.

Full-scale test. The full-scale static test is the most crucial

qualification test for composite structures for the following reasons.

Secondary loads are virtually impossible to eliminate from complex built-up

structures. Such loads can be produced by eccentricities, stiffness changes,

discontinuities, fuel pressure loading, and loading in the post-buckled range.

Some of these sources of secondary loads are represented for the first time in

the full-scale structural test article. These loads are not a significant design

driver in metallic structures. However, the poor Interlaminar strength of

composites makes them extremely susceptible to out-of-plane secondary loads.
It is very Important, therefore, to carefully account for these loads in the

design of composite structures. Unfortunately, there is a general state of

uncertainty as to the source, magnitude, and effects of secondary loads in

complex built-up full-scale composite structures. This has been confirmed by

several documented examples of unanticipated secondary loads leading to

unexpected failure modes In full-scale composite structural static tests.

In addition, a detailed correlation in terms of measured load and strain

distributions, structural analysis data, and environmental effects between the

design development and full-scale test data will be necessary to provide

assurance of composite static strength. Static test environmental degradation

must be accounted for separately either by adverse condition testing, by

additional test design factors, or by correlation with environmental design

development test data.

Work in Reference 1 has shown that the RT/ambient static test plays

the most significant role in revealing unexpected hot spot failures from sec-

ondary out-of-plane loads. A room temperature environment is, therefore,

recommended for the full-scale static test, which should be conducted to

failure. This recommendation is not universally accepted by all certification

agencies. Some agencies favor an environmental static test which corresponds

to the temperature and absorbed moisture level of the most critical static

design condition. This issue is most significant In fighter aircraft where a
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hot/wet failure mode is often the most critical design condition. Unfortu-

nately, a full-scale environmental static test is very expensive and time-

consuming. A possible solution to this problem, proposed by Dr. Lincoln in

Reference 3, is as follows: the design philosophy would not permit any sig- S

nificant change in failure mode due to environment. For example, consider an

aircraft structure, where the most critical design load condition is associated

with a hot/wet environment. The requirement of this philosophy would be for

the structure to be designed to have the same failure mode under both hot/

wet and RT/ambient conditions. This approach would eliminate the need for

hot/wet qualification testing. If this design requirement had been adopted

for the fighter aircraft wing structure in Reference 1, a weight penalty of

approximately 6 percent would have been incurred in the main wing box

structure.

FATIGUE/DURABILITY

Composites have superb fatigue properties. Figure 15 compares the

RTA spectrum fatigue behavior of graphite/epoxy and aluminum under their

respectively most sensitive fatigue loading modes. It can be seen that

graphite/epoxy fatigue response Is vastly superior to aluminum. This has

been confirmed by the extensive environmental data base generated in Refer-

ence 1 and summarized in Reference 6.

10.000 0.25-in. Open Hole
Wing Root Spectrum Graphite/Epoxy

8,000 (Compression-Dominated)

S6,000
T Aluminum
) \(Tension-Dominated)

4)CI Design "
2,000 Strain

"' 2.000

0.01 0.1 1 10 100 1,000
Fighter Aircraft Spectrum Fatigue Lives

FIGURE 15. COMPARISON OF GRAPHITE/EPOXY AND METAL SPECTRUM
FATIGUE BEHAVIOR

24



NORTHROP AIRCRAFT OIVISION
S

In this work, several hundred specimens ranging in complexity from

coupons to elements to element combinations to subcomponents to full-scale

wing and fuselage structures were tested under very severe environmental

and fatigue loading conditions. The fatigue loading was much more severe

than the design spectrum. All tests were conducted with the maximum spec-

trum load set at 72 percent of the previously determined average static failure

load, which led to test spectra with significant load enhancement factors

compared to design. In addition, severe quasi-real time environmental cycling

was imposed on the test articles. This involved continuous thermal cycling,

severe thermal spikes, and regular moisture absorption/ deabsorption cycles.

Representative results are presented in Figure 16. No fatigue failures

occurred in the two lifetimes of fighter aircraft fatigue loading and all

specimens were residual static strength tested at 250 0 F/wet environmental

conditions. Figure 16 shows some variability in residual strength; however,

this was determined to be due to scatter in static strength rather than

fatigue degradation. It should be noted that even matrix sensitive failure

modes such as compression and out-of-plane flatwise tension were not fatigue

sensitive.

250F/1.2% Moisture RSS Data

1 2 Maximum Spectrum Load

10

u 08

Qy 06

U)C 0.2 '7 ?

000 WWlflfI

Tension Compression Out-of-Plane
Critical Loading Mode

FIGURE 16. ENVIRONMENTAL SPECTRUM FATIGUE AND RESIDUAL STATIC
STRENGTH RESPONSE OF COMPOSITE STRUCTURES

Figure 17 shows a comparison of the scatter in spectrum fatigue life

observed in composites and aluminum. The scatter in life is inversely pro-

portional to the Weibull shape parameter (a ). That is, the higher the value
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FIGURE 17. COMPARISON OF THE SPECTRUM FATIGUE LIFE DATA SCATTER
OF COMPOSITES AND ALUMINUM

of a, the lower the scatter in fatigue life data. Figure 17 shows that compos-

ites exhibit significantly higher scatter than aluminum. This is caused by the

significantly flatter S-N curves (superior fatigue resistance) observed in

composites.

In metallic structures, it has been demonstrated that both fatigue

initiation life and crack growth life are a function of load sequence. This

load sequence dependence is caused by high loads producing residual com-

pressive stresses, which reduce the fatigue damage accumulation rate. His-

torically, therefore, considerable attention has been given in metallic fatigue

tests to careful simulation of the flight-by-flight loading history. In par-

ticular, the number of high loads included in the fatigue test spectrum has

been a subject of concern. A common practice is to delete some high loads

from the fatigue test spectrum in order to provide a conservative fatigue

- test, since retardation of crack initiation will be reduced by the omission of

the high loads. In composite materials, no significant load sequence effect on

fatigue life has been observed. However, studies on load spectrum variations

have shown that composites are extremely sensitive to variations in the num-

ber of high loads in the fatigue spectrum. In contrast, truncation of low

loads does not significantly affect fatigue life. These differences in load

spectrum sensitivity may lead to contradictory load history requirements for a
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mixed composite/metal fatigue test. For example, removal of some high loads

may be prudent for the metallic structure, while their removal may cause

significant overestimation of composite fatigue life.

Although composites have outstanding fatigue resistance, they have

exhibited some durability sensitivity. Durability is defined by the USAF as a

measure of economic life. Adequate structural durability is assured by elim-

inating functional impairment during the life of the airframe. Functional

impairment occurs when excessive repair or part replacement causes unaccep-

table economic burden. Thus, durability is an economic issue, not a safety

issue.

The durability in-service experience with monolithic structures has been

excellent. However, durability experience with thin-skinned honeycomb

structure has been less satisfactory. The following problems have occurred:

1. Sensitivity to low-level impacts (<10 ft-lb), causing visible skin

damage, nonvisible skin or core damage, accelerated moisture intru-

sion, and core corrosion

2. High repair frequency

3. Excessive part replacement.

These problems have caused unacceptable maintainability and supportability

costs.

Lessons Learned

Two major lessons have been learned from our composite fatigue/

durability experience. These are:

1. Composites have outstanding fatigue resistance. For realistic

structural laminates in typical design applications, composite

structures can be considered to be fatigue insensitive, if they

possess adequate static strength.

2. Maintainability and supportability of thin-skinned honeycomb struc-

tures has been poor.
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Certification Recommendations

Detailed recommendations, given in Reference 1. are summarized below.

Load Spectrum Simulation. The same general guidelines established for

metallic structures should be used. The following recommendations are made

for load spectrum simulation in composite fatigue testing:

1. High loads in the fatigue spectrum must be carefully simulated.

2. Low loads (<30 percent limit load stress) may be truncated to save

test time without significantly affecting fatigue life.

Mixed composite/metal structure. Because of the superior fatigue

performance of composites, a mixed composite/metal structure fatigue will

essentially interrogate adequately only the metal structure. Thus, any

potential "hot spots" in the composite structure may not be found.

Because of the potential inadequacy of full-scale tests on mixed

composite/metal structures and I1lo the natural reluctance to overdesign metal

parts in a full-scale test structure, it will be necessary to validate the

composite structure during the design development testing phase. However,

the specimen complexity should be adequate to enable the performance of the

full-scale structure to be correctly simulated. Validation of the composite

structure using subcomponent tests can offer the following advantages:

1. The components may be chosen for test purposes to interrogate the

composite structure only.

2. If environmental test conditions are required, it will be easier and

cheaper to achieve in a component.
a

3. It may be possible to test more than one replicate and thus increase

confidence in the data base.

4. The results can be utilized in the certification of the full-scale

structure.

For component tests to achieve their objective, great care must be

taken in getting the boundary conditions correct. In addition, eliminating

28



NORTHROP -AIRCRAFT DIVISION

metal failure modes by overdesign or replacement must be carefully evaluated

so that relative effects such as differential thermal expansion are not rasked.

Environmental simulation. The environmental complexity necessary for

fatigue design development testing will depend on the aircraft hygrothermal

history. Three factors must be considered. These are: structural tempera-

tures for each mission profile, the load/temperature relationship for the

aircraft, and the moisture content as a function of aircraft usage and struc-

ture thickness. In order to obtain these data, it is necessary to derive

real-time load-temperature profiles for each misson in the aircraft's history.

These relationships will have a significant influence on the fatigue test

environment, and are strongly dependent on the aircraft type, configuration,

and mission requirements and must be carefully developed on a case-by-case

basis. The structural material should be selected to meet these mission

requirements using the criterion in Figure 13. If this is accomplished, hot/

wet fatigue testing will be minimized. Material selections which lead to sig-

nificant environmental fatigue test requirements should be a last resort.

Scatter. The large scatter in composite fatigue life data makes the

traditional life factor approach used for metals impractical because equivalent

composite life scatter factors are in the 20-70 range. Alternate approaches to

account for scatter effects were evaluated in Reference 10.

The first approach was use of the load enhancement factor. The objec-

tive of this approach is to increase the applied loads in the fatigue certif-

ication tests so that the same level of reliability can be achieved with a

shorter test duration. A schematic showing this approach is shown in Fig-

ure 18, where the fatigue life scatter represented is typical of that observed

in composites. At one fatigue lifetime, a typical residual strength distribution

is shown. If the maximum applied load in the fatigue test (PF) is increased

to the mean residual strength at one lifetime (PT), then the B-basis residual

strength of the structure would be equivalent to the design maximum fatigue

stress. Thus, a successful fatigue test to one lifetime at applied stress (PT)

or a fatigue test to NF would both demonstrate B-basis reliability. In addi-

tion, combinations of the load enhancement and fatigue life factors could also

be used to demonstrate B-basis life. In order to use this approach with

29



NORTHROP AIRCRAFT DIVISION

.tatic Strength S

Load Factor

-Mean

B-Basis.. 
'.

E IN - --- - - - - - -

o3_ \B-Basis
X Design Maximum

Fatigue Stress

r. 'Life Factor

0.1 1 10 100
Fatigue Lives

FIGURE 18. LOAD ENHANCEMENT FACTOR APPROACH

confidence in a certification methodology, a formal relationship between the

load enhancement factor (LEF) and the life factor is required. This was ver-

ified mathematically in Reference 10.

While the evaluation of the enhanced loads approach in Reference 10 has

shown that it has a sound theoretical basis and can be used with confidence

for certification testing, some practical limits of this approach exist. First,

for asymmetric spectra, the degree of load enhancement may be limited

because of a requirement not to exceed ultimate load. Second, for mixed

structures, the enhanced load approach will provide an excessively severe

fatigue test for the metal parts.

A second approach takes advantage of the excellent fatigue response of

composites and is summarized in Figure 19. The objective of this approach is

to set fatigue stress allowables below the B- (or A-) basis fatigue threshold.

This is possible in practice because composites have flat curves where the

fatigue threshold is a high proportion of the static strength.
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FIGURE 19. FATIGUE LIFE THRESHOLD APPROACH

Durability. The poor service experience with thin-skinned honeycomb

composite structures has led the USAF to introduce draft low-level impact

design requirements in Reference 3. These are summarized in Figure 20.
The object of these requirements is to improve the maintainability of composite

structures.

Zone Damage Damage Rqieet
Zone____ Source Level Requirements

1. High *0.5-in. Diameter eVisible *No Functional Impairment
Probability Solid or Structural Repair
of Impact Impactor 06 ft-lb Max Required for Two Design

• Low Lifetimes
Velocity *No Water Intrusion

" Normal *No Visible Damage From
to Surface a Single 4 ft-lb Impact

2. Low After Field Repair of Visible
Probability eSame as *Same as Damage:
of Impact Above Above *No Functional Impairment

After Two Design Lifetimes
*No Water Intrusion

FIGURE 20. PROPOSED USAF LOW-LEVEL IMPACT CERTIFICATION REQUIREMENTS
(REFERENCE 3)

Full-Scale Test. The work in Reference 1 and other USAF-sponsored
programs have shown that composites possess excellent durability. In

31

Boom-



NORTHROP AIRCRAFT DIVISION

particular, the extensive data base developed in Reference 1 showed that com- ,. ,.

posite structures, which demonstrated adequate static strength, were fatigue

insensitive.

Thus, it is recommended that no durability full-scale test is required

for all composite structures or mixed composite/metal structures with non-

fatigue critical metal parts, provided the design development testing and

full-scale static test are successful. For mixed structure, with fatigue

critical metal parts, a two-lifetime ambient test will be required for fatigue

validation of the metal parts.

DAMAGE TOLERANCE

Experience

Extensive work was conducted in Reference 2 to determine the influence

of defects and damage on composite static strength and fatigue life. The

results are presented in Reference 11, and are summarized in Figures 21-23.

The data presented are representative of wing skin laminates fabricated from

AS4/3501-6 and were obtained from 5-inch wide coupons.

A defect/damage severity comparison for compression static strength is

presented in Figure 21. The plot relates damaged static strength to defect/

damage severity. The data are also compared to the strength reduction for a

1/4-inch-filled unloaded hole. Porosity up to two percent, delaminations up

to 1.5-inch diameter, and surface scratches are less than or equal to the

strength reduction caused by a 1/4-inch hole. Fastener holes with delamina-

tions around them show negligible strength loss compared to an unflawed

fastener hole. In contrast, blunt impact damage causes a strength loss which

significantly exceeds that of a 0.25-inch hole. Severe blunt impacts reduce

strength by up to 60 percent; this is greater than the strength reduction of

a 1.0-inch open hole. Clearly, therefore, impact damage is the most severe

damage type for static compression strength.

A defect/damage severity comparison for compression-compression

fatigue loading Is shown in Figure 22. The material system is T300/5208,

except for the porosity data which are the AS/3501-6 material system. The

fatigue data show the same defect/damage severity trends as those observed
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for static strength. Nonvisible and visible impact damage have the greatest

fatigue sensitivity in terms of the fatigue strain required to give a life of 106

* cycles. This is caused by the greater static strength sensitivity of these

damage types.

The data in Figure 22 are replotted in Figure 23 in terms of normalized

fatigue strain (maximum fatigue strain damaged static failure strain).

These data show that, for all of the defect/damage types, a potential fatigue

threshold (106 cycles) exists at 60 percent of damaged static strength for

constant amplitude loading.

To check the applicability of these coupon data, extensive built-up

structure damage tolerance testing was conducted in References 2 and 7.

The work on 3-spar panels representative of fighter aircraft upper wing skin-

to-spar attachments was summarized in References 2 and 11.

The specimen design is shown in Figure 24. The flat, stiffened panel

specimen was loaded in compression through potted ends and was typical of

fighter aircraft upper wing skin/spar attachment area. The skin was fabri-

cated from 24 plies of double thickness AS4/3501-6 graphite/epoxy tape,

which provides a nominal skin thickness of 0.25-inch. The channel spars

were fabricated from 0.125-inch thick formed titanium. The specimen was

designed to permit skin buckling to occur at approximately 5,000m.in/in,

which is typical of a fighter aircraft skin design.

Three spar test panels were impacted at 100 ft-lb at three skin loca-

tions, midbay, over the spar cap edge, and over the spar cap between fas-

teners. Maximum indentation depth on the impact surface was 0.05 inch.

The influence of impact location on C-scan damage area is shown in Fig-

ure 25. Although some scatter is observed in the data, the mid-impact

damage location clearly causes the largest damage area.
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AREA '

GAGE

85-01344

FIGUf.- 24. IMPACT DAMAGED 3-SPAR PANEL - 100 FTLB

300

* [6i-in. Thickness

20

E 10

10.

0 Midbay Spar Edge Over Spar

FIGURE 25. INFLUENCE OF IMPACT LOCATION ON C-SCAN DAMAGE AREA
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Figure 26 shows Panel 37-1, which was subjected to a 100 ft-lb impact

prior to static compression testing. Failure sequence was as follows. At a

gross applied skin compression strain equal to 2,500 pin/in, the central region

of the midbay Impact damage area propagated rapidly to the spar attachments

and arrested. Additional loading to a gross skin strain equal to 3,770pin/in

caused catastrophic panel failure through the midbay impact damage. This

distinct two-stage static failure process permitted a 50 percent additional

load-carrying capacity after initial failure. Further replicate tests again

showed a 50 percent additional load-carrying capability after initial failure and

arrest.

DAMAGE9

FAILURE SEQUENCE AREA 1-

1. DAMAGED AREA FAILED I
AND ARRESTED AT 100-FT-LB
SPARS (2.500 pIN/IN) IMPACT-

LOCATION

2. CATASTROPHIC FAILURE
THROUGH IMPACT
DAMAGE AREA FAILURE
(3,770 .IN/IN LOCATION

FIGURE 26. STATIC FAILURE, OF IMPACT DAMAGED 3-SPAR PANEL - AS 4/3501-6

Additional tests were conducted on panels with midbay impacts ranging

from 20 to 83 ft-lb. The results are summarized in Figure 27. All test

panels (except 20 ft-lb Impact damage) exhibited the two-stage failure

sequence. The 20 ft-lb midbay damage panel exhibited only catastrophic

failure (no arrest). Figure 27 shows that a significant difference exists

between initial failure and final panel failure strains. Comparison with coupon

test data in Figure 28 shows that initial failure and arrest in the built-up
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panels correspond to catastrophic failure load in coupons. These data

demonstrate significant a damage tolerance configuration scale up effect In

built-up structures.

-6,000 0.25-in Thickness 5.5-in. Spar Spacing1-in. Diame ter Impactor Titanium Spar Type
-5000 Midbay Impact

-4,000 0

T -3,000

-2,000

- - a . Initial Failure and Arrest
-1,000 - 0 Overall Failure

0 25 50 75 100 125

Impact Energy (ft-lb)

FIGURE 27. SUMMARY OF STATIC STRENGTH OF IMPACT DAMAGED
3-SPAR PANELS - AS4/3501-6

-6,000
C 0.25-in Skin Thickness

.s -5,000 1-in. Diameter Impactor

40 Scale-Up

-3,000 - Effect

u -2,000 * Mean NASA Test

o Midbay 3-SparS-1,000 Spar Edge Panels
0 0 I

0 25 50 75 100 125
Impact Energy (ft-lb)

FIGURE 28. IMPACT DAMAGE TOLERANCE SCALE-UP EFFECT IN
BUILT-UP STRUCTURE - AS4/3501-6

Lessons Learned

The lessons learned for composite damage tolerance are presented in

Figure 29. These lessons learned highlight a conceptual difference in damage
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tolerance certification for composites and metals. Figures 30 and 31 show the

non-inspectable slow damage growth concept for metals and composites, respec-

tively. For metals (Figure 30), residual strength decreases gradually over

the aircraft service life as a fatigue crack initiates and grows. Thus, the

exposure time where residual static strength is degraded is a small percentage

of the total service life. In contrast for composites (Figure 31), residual

strength degradation is not gradual, but takes place as a sudden large

strength degradation. This occurs for two reasons. First, the impact event

Is random and can occur with equal probability on either the first or last day

of the aircraft service life. Second, the impact event causes an immediate

reduction of static strength. This leads to a potentially large exposure time

In the degraded strength condition. Figure 32 summarizes this difference for

composites and metals.

* Impact Damage Is the Most Severe Defect/
Damage Type

" Impact-Damage Areas and Static Strength Are
Strongly Dependent on Structural Configuration

* Failure Modes of Impact-Damaged Built-Up Structure
Are Significantly Influenced by Structural Configuration

• Significant Impact-Damage Tolerance Scale-Up Effects
Exist for Built-Up Structure

* Impact-Damaged Structures Are Insensitive to Fatigue
Loading

FIGURE 29. SUMMARY OF COMPOSITE DAMAGE TOLERANCE LESSONS LEARNED B
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Ultimate Ultimate Design -IT
-~~ Capability La

0) Loa

~XX Residual Strength Load Requirement

Exposure Time = T
Small % Of Service Life

0 _ _ _ _ _ _ _ _ _ _ _

0
- Service Life

FIGURE 30. METALLIC NON-INSPECTABLE SLOW DAMAGE GROWTH

Impact Event Ultimate Design Load

~~/ 0
S Ultimate T

5) Capability

C
U' = Residual Strength Load Requirement

Exposure Time = T
Large % of Service Life

0 Service Life

FIGURE 31. COMPOSITE NON-INSPECTABLE SLOW DAMAGE GROWTH

1.0

-0C

CO a) 0.8 -

C,)

ME 0.6
Epoxy
Composite

(n 004 ------ (100 tt/lb)
0)
E c

0 .2Mea

0 (0.05" Flaw)

0 5 10
Spectrum Fatigue Lifetimes

FIGURE 32. COMPARISON OF COMPOSITE AND METAL DAMAGE TOLERANCE
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Certification Recommendations

The unique features of composite damage tolerance were recognized S

when draft USAF damage tolerance design requirements were developed in

Reference 2. The highlights of the draft requirements are presented in Fig-

ure 33 and discussed in Reference 3. The damage assumptions in the draft

requirements are presented in Figure 34. In practice, the impact damage

requirement dominates design since it is the most severe. Figure 35 summar-

izes schematically the impact damage requirements. Two cut-offs were used:

first, an impact energy cut-off equal to 100 ft-lb, which represents, con-

ceptually, a tool-box dropped on its corner from approximately three feet; -

and second,--a visibility cut-off at 0.10-inch dent depth, which represents,

conceptually, damage detectable in a visual inspection. Figure 35 shows that

the requirements do not potentially cover all non-visible damage; however,

the 100 ft-lb impact is considered a conservative and potentially rare event

(once per lifetime per aircraft fleet).

" Conceptually Equivalent to MIL-A-83444

" MIL Prime Format per MIL-A-87221

" Recognition of the Unique Property
Characteristics of Composites

" Composite Defect/Damage Assumptions
Significantly Different From Metals

FIGURE 33. HIGHLIGHTS OF DRAFT USAF COMPOSITE DAMAGE TOLERANCE
DESIGN REQUIREMENTS

40 gg



NORTHROP AIRCRAFT DIVISION

Flaw/Damage Type Flaw/Damage Size

Scratches Assume the Presence of a Surface Scratch
4.0-Inch Long and 0.02-Inch Deep

Delamination Assume the Presence of an Interply
Delamination That Has an Area Equivalent
to a 2.0-Inch-Diameter Circle With
Dimensions Most Critical to Its Location

Impact Damage Assume the Presence of Damage Caused
by the Impact of a 1.0-Inch-Diameter
Hemispherical Impactor With 100 ft-lb of
Kinetic Energy or With That Kinetic Energy
Required To Cause a Dent 0.10-Inch Deep,
Whichever Is Least

FIGURE 34. DAMAGE ASSUMPTIONS IN DRAFT USAF DAMAGE TOLERANCE
DESIGN REQUIREMENTS

0.10 - ~Visibility Cut-Off
t2 t3t4

CIL

o 0.05

at6

* 0 25 50 75 100 125
Impact Energy (ft-lb)

FIGURE 35. SUMMARY OF IMPACT DAMAGE ASSUMPTIONS IN DRAFT
USAF DAMAGE TOLERANCE DESIGN REQUIREMENTS

The recommended compliance approach for the draft requirements is

summarized in Figure 36. First, no significant damage growth is permitted in

two design lifetimes. This is recommended because damaged composites have

extremely flat S-N curves (Figure 22) and exhibit rapid unstable growth after

growth Initiation. Thus, it is not possible to control composite damage

tolerance using the metal damage growth and inspection philosophy. An

advantage of this compliance approach is that it eliminates Inspection

requirements.
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* No Significant Damage Growth in Two
Design Lifetimes

" No In-Service Inspections Required

e No Full-Scale Test Validation Required

FIGURE 36. RECOMMENDED COMPLIANCE APPROACH FOR THE DRAFT
USAF DAMAGE TOLERANCE REQUIREMENTS

Finally, no full-scale test validation is required for composite damage

tolerance certification. This is recommended because extensive testing in

References 2 and 7 has shown that subcomponent validation tests accurately

represent full-scale composite damage tolerance behavior.
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DEVELOPMENT OF A GRAPHITE/BISMALEIMIDE LEADING EDGE FOR
THE F-11 (EF-111A) HORIZONTAL STABILIZER
J. A. Suarez1 , Capt. S. C. Nolet2 , Lt. M. Carteaux3

(1) Grumman Aircraft Systems Division, Bethpage, New York 11714
(2) Sacramento Air Logistics Center, McClellan Air Force Base,

Sacramento, California 95652
(3) Air Force Wright Aeronautical Laboratories,

Dayton, Ohio 45433

Abstract
The F-Ill (EF-111A) horizontal stabil- producibility, reliability, and maintaina-
izer leading edge was selected as the bility characteristics. As such the pro-
baseline component to demonstrate the gram must demonstrate and validate low
superior supportability characteristics of cost, innovative skin stabilization manu-
composites. The production component facturing methods for the leading edge,
is a full-depth aluminum honeycomb representative of secondary structure,
sandwich construction that has histori- which are cost-competitive with the
cally shown in-service supportability full-depth honeycomb structure.
problems. The composite leading edge Trade-off studies were initially per-
(22.4 square feet in plan area) was de- formed to establish alternate designs,
signed as a form, fit and function re- followed by in-depth cost/producibility/ -

placement for the existing aircraft. Be- supportability analysis of the proposed
cause of the aircraft's leading edge high composite structure compared to the
service temperature (317 "F) and humid- existing component. Through the use of
ity environment (83% relative humidity support oriented designs and durable,
(RH)), skins and stiffening members damage tolerant composites, we have a
were designed of graphite/bismaleimide shown enhanced producibility (at equiv-
(Gr/BM1). At equivalent weight, acqui- alent weight), for large scale integral
sition and life cycle cost savings of 13 % composite structure with lower acquisi-
and 45 % respectively, have been pro- tion costs, increased reliability (mini-
jected, for the composite leading edge mum of fatigue failures) and lower
over the existing aluminum honeycomb maintenance costs (no corrosion, acces-
sandwich assembly. sibility and visibility for inspection and

1. INTRODUCTION repair). Due to the aircraft's high serv-
The objective of this on-going program ice temperature and humidity environ-
is the development of a composite lead- ment (317"F and 83% RH) the compos-
ing edge for the F-il (EF-UllA) hori- ite selected is graphite/bismaleimide
zontal stabilizer that displays optimum (Gr/BMI).
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2. STRUCTURAL plates, are reassembled mechanically to
CONFIGTTR^ .ION complete the assembly.

The structural configuration of the Gr/ 3. STRUCTURAL DESIGN
BMI replacement leading edge compo- In the existing aluminum skin/
nent for the F-Ill horizontal stabilizer is aluminum honeycomb core leading
shown in Fig. 2-1. The structure is a edge, the honeycomb core supports lo-
large biconvex component which exhib- cal air load on the skin and provides a
its many of the complexities associated shear path to carry air load to the front
with highly loaded secondary structure. beam of the main structural box of the
The maximum overall length of the horizontal stabilizer. Moments are re-
leading edge component is approxi- sisted by in-plane upper and lower
mately 180 in. and the maximum width cover loads that are transferred through
28 in. The height of the rear beam at splice joints to the main box.
the inboard end is 5.48 in. In the composite integrally molded de-
The configuration selected to replace sign (Fig. 2-1), full depth ribs, typi-
the present aluminum honeycomb core cally spaced at 5.25 in., perform the
sandwich construction is a multi-rib functions of the honeycomb core in the
structure with the ribs spaced at ap- existing design. Normal air load is sup-
proximately 5.25 in. The arrangement ported by skin panels spanning from
gives the minimum number of ribs for rib-to-rib by a combination of bending
manufacturing simplicity, and produces and membrane action. The ribs then
a structure comparable in weight to the transfer the air load shear to L, main
existing metal component (99 lb per box while the bending moment is bal-
aircraft). To achieve maximum cost sav- anced by cover skin loads as in the ex-
ings, the leading edge component has isting design. All attachments and inter-
been designed as a unitized single cure faces are identical with the existing
structure to minimize the assembly pro- aluminum leading edge configuration.
cedure. The design permits disassembly The composite design is based on the
of the main beam and closure rib after following criteria:
the cure cycle to permit removal of the * Ply orientations restricted to the 00,
solid internal forming tools. These corn-. 900, and k 45 0 family
ponents, together with the metal splice * Laminate ply orientations selected to

2024-81 SPUCE PLATE lre17.23 -

Fig. 2-1 Leading Edge Structure
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provide f1rament-c-cntrolled load ca- interface that experience high bearing
pability stress and envelope interface restric-

o To reduce impact damage, a layer of tions. These parts are the upper and
glass/BMI fabric at 45 * is placed at lower cover splice plates (Fig. 3-1), lo-
the inside surfaces of the cover skins calized bearing plates on the main

* All laminates are symmetrical about beam, and the closure rib main torque
their midplane to minimize bending- box interface. The forward beam bear-
stretching coupling effects ing plates are fiberglass/BMI isolated

* All rib and beam webs have a large aluminum, primarily to prevent the di-
percentage of ± 45 plies to minimize rect contact of the existing cadmium
their axial stiffness (hence their in- plating of the main box shear attach-
duced axial load); and to provide ment pins with the graphite composite
maximum shear stiffness to minimize beam. (The use of cadmium or alumi-
panel transverse shear deformation num and graphite/epoxy in contact with

* The two air passage skins meet or each other results in galvanic corro-
exceed the EI and GJ of the baseline sion.)
aluminum skins

* The transverse strength of the skin
panels is sufficient to distribute the NAS 1399C5 BLIND
normal air loads to the ribs RIVETS (EXISTING)

*Daiudge toleraice is explicitly ad- CMOILK
dressed.

The upper and lower skin laminates CORROSION-- STABILIZER
consist of a 450 nickel-coated Gr/BMI BARRIER
air passage layer for lightning strike DECREASING TAPER ,- -- STRUCTURE

protection, an underlay of 0/90/ +45 2024T81
unidirectional Gr/BMI tape, and a back Gr/EARING
surface layer of style 112 fiberglass/ PLATE WITHa -CORROSION

BMI. The Gr/BMI rib webs are de- BARRIER
signed as constant thickness tapered 2024-T81 SPLICE PLATE (TYP)
panels that resist shear and crushing 7 307.M

load. The forward beam closure mem-
ber is designed to transfer shear loads Fig. 3-1 Leading EdOe Splice

from the rib webs to the main box
through shear pins. Locations and pick- The leading edge/main torque box inter-
ups for the shear pins are identical to face hardware is the same as for the
the existing design. For damage toler- existing aluminum honeycomb design.
ance considerations, maximum fiber The hardware selected to attach the
strains are limited to 2400 /in./in. at composite structure within the assembly
ultimate load. are Composi-Lok 130 degree flush and
Metal usage in the leading edge has protruding head blind type fasteners.
been kept to a minimum. It is used only The tip of the leading edge, the arrow-
in those areas of the main torque box head, is a supplemental subassembly for
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NS
supportability consisting of a metal ing strength. The tests were conducted
glove and fiberglass-filled nylon (NY- at -67 "F room temperature (RT), and
LAFIL) insert. This subassembly is the critical environmental condition
subsequently mechanically fastened to 317"F wet (saturated at 83 % RH). The
the skin assembly, as shown in Fig.3-2. IM-6/F650 material system was shown

to be superior in such key material

NICKEL COATED IM-6 GRJBMI properties as longitudinal compression
FIBERGLASS GRIBMI SKIN modulus and strength, open hole ten-

BRICECRRSTLEN PRO SEAL 899 sion and compression strength, and
ELECTRODAG bearing strength. On the basis of these

MACHINED 440 test results, IM-6/F650 (Hercules fiber
BLOCKS- and Hexcel resin) Gr/BMI was selected

for fabrication of the F-111 (EF-111A)
horizontal stabilizer leading edge.

5. QUALIFICATION TESTS
The leading edge is a secondary buck-

FILLER ling critical structure, strength designed "g
ABRASION SHIELD DOUBLE FIBERGLASS only in its mechanical attachment to the
(TREATED WITH FLUSH 11-CB LAYER STYLE stabilizer torque box. As part of the
ALODINE 600) FASTENER 112 Structural Test Plan for the F-rn (EF-

-___ IliA) Horizontal Stabilizer Composite 40

Fig. 3-2 Leading Edge Arrowhead Leading Edge Component, tests were
Subassembly performed on single and combined load

joint specimens. The purpose of the
4. MATERIAL DESIGN unidirectionally loaded multifastener

PROPERTIES joint elements was to verify details of
Three Gr/BMI material systems, IM-6/ the design concept for attaching the
4001, IM-6/81-5 and IM-6/F650 were leading edge to the main box of the
evaluated for use in the -67"F to 317'F F-Ill horizontal stabilizer. These in-
wet (saturation at 83% RH) environ- cluded the fastener diameter and pitch,
ment. The intermediate modulus fiber the allowable bearing load of the coun-
IM-6 with a Young's modulus of 40 x tersunk fastener, and load transfer be-
106 psi was selected for the buckling tween elements of the joint. The single
critical design. fastener combined load joint specimens
A test program involving over 375 cou- addressed the Mid-Span and Outboard
pons was performed to generate design areas critical design condition, and the
properties for the three candidate mate- critical thermal effects in the splice re-
rial systems. The basic design proper- gion.
ties obtained included: notched and un- 5.1 Multifastener Joint Element
notched tensile strength and modulus, The specimens are 2.63 in. wide with
notched and unnotched compression the 3/16 in. diameter, 100 * countersunk
strength and modulus, shear strength (on the aluminum) shear head Composi-
and modulus, Poisson's ratio and bear- Lok blind fasteners located at 1.13 in.
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on center. The composite laminate edge 5.2 Combined Load Single-Shear Joint
distance from the centerline of the fas- Element
tener is 0.56 in. The 2024-T81 alumi- in the mid-span and outboard areas
num splice plate is 0.070 in. thick and where the spanwise loads are signifi-
the laminate is (*45/902/ 45/0)s with cant, due to the deflection of the torque
a layer of 112 style fiberglass on each box, the behavior of the Gr/BMI lami-
surface. The overall length of the speci- nate is such that, for the critical design
men is 12.25 in. Figure 5-1 shows lead- condition, there is coupling between the
ing edge joint elements tested at RT chordwise bearing/bypass load and the
and 317 *F wet. spanwise load. To validate the splice

joint design a representative element at
the critical splice location (Rib No. 20)
for Condition HT-4 (317 'F and 83 %

........ RH) was designed. The specimen con-
, .. sists of a 1.75 in. wide by 0.070 in.

..... • ---- thick 2024-T81 aluminum plate fastened
to a 20.0 in. long by 4.0 in. wide IM-6/F650 lamninate ( ± 45/02/:L-45/90/

90)s, oriented as shown in Fig. 5-3 us-
. "ing a 1000 countersunk 3/16 in.

diameter Composi-Lok fastener. Figure
MR, 5-4 shows two of the instrumented

specimens. The bolt bearing angle is in
.7-,-M the direction of the 0 * plies in the lami-

Fig. 5-1 Leading Edge Joint Elements nate (21.7 ° to the specimen axis).
After Test (Bearing Failures) Thermal effects critical in the splice

area (Rib No. 7) were addressed by the 0
Three tension elements were tested at same element as shown in Fig. 5-3 but
-67 °F, room temperature, and 317 *F with a bolt bearing angle calculated to
with 83 % RH. The specimens tested at correspond to the critical Px and Py
-67 "F failed in bearing at 99 % of the combination (46.90 to the specimen
predicted load in bearing, but 105% of axis). Figure 5-5 shows the test setup
the predicted critical failure load in ten- for the off-axis combined load joint
sion. The specimens tested at RT failed tests. Strip heaters were used to raise
in bearing. The average failure load of the temperature of the moisture condi-
these specimens was 101 % of the pre- tioned specimens to 317 'R The mois-
dicted critical value. The three speci- ture loss during testing as measured by 0
mens tested at 317 °F and 83 % RH travelers was approximately 0.1% by
failed in bearing; average failure oc- weight. From a saturated moisture con-
curfed at 154% of prediction. Figure tent at 83% RH of 1.35% by weight
5-2 lists the leading edge joint element before the test, down to approximately
analytical predictions versus test results. 1.25 % by weight right after the test.
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7 17 7 ........ .. ... .. .F. IF

2024-T81 Aluminum
Splice Plate

IM-6/F650 Gr/BMI
Composi-lok
1000 C'sunk Shear Head.

PTEST/PPREDICTED

COMPOSITE
TEST ALUMINUM COMPOSITE NET FAILURE
TEMP BEARING BEARING (C.B.) TENSION MODE

-670F 1.06 1,01 1.06 C.B.
0.99 0.94 0.99 C.B.
1.08 1.03 1.09 C.B.

AVG 1.04 0.99 1.05

RT 0.95 0.96 0.94 C.B. 9
1.02 1.03 1.01 C.S.
1.03 1.04 102 C.B.

AVG 1.00 1.01 0.99

317OF 0.92 1.51 0.90 C.B.
WET 0.94 1.54 0.92 C.B.

0.95 1.57 0.93 C.B.

AVG 0.94 1.54 0.92

Fig. 5-2 Leading Edge Joint Element Analytic Prediction vs
Test Results

P F 2024-T81 Al
,, /0.070 in. Thick
\ " 21.70

\ I SK 130* x .385 DIA

(±4&5(/± COMPOSI - LOK

7
0  Y

27-.00700 "

Fig. 5-3 Combined Load Joint Test
Specimen (Bolt Bearing .......
Angle 21.70) Fig. 5-4 Instrumented Joint Specimens
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The three specimens representative of
the mid-span and outboard areas (Rib
No. 20) failed in ension, as predicted
by the computer program HOLES, at

"'. "an average bypass load of 15,870 lb and
• : fa bearing load of 355 lb. These loads

1 "K. , transformed in the laminate axis are

shown in Fig. 5-6 as ratios of test re-

suits to design requirements. The com-
parisons are quite favorable.
The specimens failed on average at

4A 138% of design ultimate load (DUL).
Figure 5-7 shows a plot of the bearing

I7bypass interaction curve for the critical
splice location at Rib No. 20 as pre-
dicted by HOLES. The test data multi-
plied by a 0.8 design factor and the
DUL condition are also shown.
Results of the specimens tested to ad-

Fig. 5-5 Test Setup for Combined dress the critical thermal effects in the
Load Joint Tests splice region (Rib No. 7) are shown in

SPECIMEN TEST DATAIDESIGN REQUIREMENTS
ID IN LAMINATE AXES

NXDUL Y-DULrXDUL

2.30 1.35 1.58
-6A 2.36 1.39 1.62
-7A 2.36 1.39 1.62

AVG 2.34 1.38 1.61

7S
* (±45/0/±459O90)S IM-&F650 GR/BMI
* CONDITION HT-4 (317OF & 83% RH)

x,P 21.7

Nj -- 'N 2

Fig. 5-6 Design and Test Values for Critical Splice Location (Rib No. 20)
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"(±45/0/±45190/90)S NY data compares very favorably with the
IM-6/F650 GMW t design requirements. The specimens

"CONDITION HT-42AP_9 I,0 failed in bearing at 127 % of the DUL
(317 OF & 83% RH ) .-- I I2. condition. A plot of the bearing bypass

TEST DATA X 0.8 -- -020 interaction curve for the critical splice

3.0 " . 950 location (Rib No. 7) generated using
HOLES is shown in Fig. 5-9. The test

2.0 IN N data multiplied by a 0.8 design factor
DIESIGN '900 and the DUL requirements are also

Z 0ULIMATE Ashown for comparison.

0ERN I/o The successful completion of these tests
0.25 0.50 0.75 1.0 allows for only a static test of the full

R87-3007-014 NX/N size component at RT to qualify the

Fig. 5-7 Bearing Bypass Interactionlednegefrlghtst
Curve for Critical Splice CONCLUSION
Location (Rib No.20) An integrally-stiffened non-corroding

composite leading edge for the F-ill
Fig. 5-8. These specimens failed in (EF-11lA) horizontal stabilator was de-
bearing at an average bypass load, Nl, signed. The design was achieved with
of 10,170 lb and a bearing load, P, of production acquisition and life cycle
1097 lb. As seen in Fig. 5-8, the test cost savings and improved supportabil-

SPECIMEN TEST DATAIDESIGN REQUIREMENTS
I0 IN LAMINATE AXES

_ _ N T N_ _ _ _ _ _

__________ ________ "XDUL VOyUL
-2 1.31 2.71 1.5a 1.60
-3 1.25 2.58 1.52 1.53
-4 1.25 2.58 1.52 1.53

AVG 1.27 2.83 1.54 1.56

*(45J014519AI) s IM6F650 GUIM
*CONDITION HT -4 (317 F & 83% RH)

x

2-490 21 70 Y1

R87-3007-013 
O

Fig. -8Design and Test Values for Critical Splice Location (Rib No. 7)
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Ny + 2.55 Nx susceptibility to moisture intrusion,

" (*450/*45/90/!J)S corrosion and subsequent delamina-
IM-6/F650 GR/BMI 2NX .. -- 0.20 tion
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ABSTRACT

Temporary repair of battle-damaged composite wing skins is
addressed by an expert system advisor that produces a bolted
patch design suitable for the next mission requirements of the
aircraft. The repair methodology utilized was developed under Air
Force contract and addresses the temporary repair of damage holes
up to seven inches in diameter using bolted patches of aluminum
or steel sheets. The patch materials are available in the
standard aircraft repair kit.

INTRODUCTION

New material systems, including composites, and sophisticated
structural design techniques are combining to produce aircraft
that are faster and more maneuverable than ever before. It is
essential that there be damage repair procedures and methods
available that are able to restore the performance of the
airframe. Such repairs often require special training to install
and, in addition, the repair must be developed by someone who has
expertise in the design and analysis of bolted or bonded
composite repairs. This presents particular problems in a battle
damage situation when the repair needs to be made in a short
amount of time and at a forward location where resources are
limited.

Artificial Intelligence (Al) techniques and increasing
computational capabilities are providing innovative solutions to
many types of problems. Expert systems, in particular, allow
computer programs to utilize rules of thumb, such as those used
by experts, in reaching c nclusions about the problem being
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solved. It is now possible to build expert systems for focused
problems that will run on small, yet powerful, microcomputer
systems and in some cases to embed expert systems in the
computers that are on the aircraft itself.

The REPAIRMAN system, described in this report, is a prototype
system that demonstrates how computational and Al technologies
can be brought together to provide an innovative solution to a
supportability problem such as battle damage repair of composite
wing skins. The methodology used in REPAIRMAN was developed under
Air Force contract number F33615-83-C-3246 (References I and 2).

The system allows the user to input only the most top level
information about the damage hole. This includes the shape,
location, size, and orientation of the hole. The user must also
select one of four available mission requirements for the
subsequent use of the aircraft. This information is used, along
with data from the system regarding the skin material and
geometry, to arrive at a preliminary patch design. The patch
design is analyzed using the BREPAIR program. BREPAIR is a
FORTRAN analysis code that was developed under Navy contract
number N62269-81-C-0297 (Reference 3). It is used to analyze
bolted patch repairs of metal and composite substrates. The load
and stress levels from the patch analysis are evaluated by the
system and any needed modifications to the patch are determined.
This new patch is then re-analyzed using BREPAIR and the cycle
repeats itself until the system converges to a point where the
design parameters are within a prescribed region close to but
less than their respective allowables.

The expert system contains three basic sets of rules which
provide knowledge for patch design and for interpreting the
results from the BREPAIR routine. The first rule set evaluates
the levels of the shear stress in the bolts, the strain in the
skin, the stress in the patch, the bearing stress in the patch,
and the bearing stress in the skin, and categorizes each of these
five design parameters. The second set of rules considers the
three design parameters associated with the bolted joints and
determines an overall status for the joints. The third set of
rules uses this result along with the status of the skin strain
and the patch stress to determine the overall design quality and
initiates the appropriate changes in the patch design if any are
required.

The system makes use of a graphical interface to display both the
damage hole on the wing as described by the user and to display
the final patch design. This display supplements the description
of the patch geometry and verifies that the input data is
correct. The expert system was developed using the KEE software
from Intellicorp on a Sun Microsystem 3/160 workstation, which
provides a very useful environment for development. It is
believed that ultimately such a system could reside on the
aircraft as a part of a complete, on-board, structural
integrity/repair expert system.
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OVERALL PROGRAM STRUCTURE

A REPAIRMAN session begins with the system requesting information
from the user about the damage to be repaired. This includes the
size, shape, location and orientation of the damage hole. The
damage can be either a circular or elliptical shape. The location
is used to determine the wing skin thickness and the orientation
is used to determine the stress concentration in the skin due to
the presence of the hole. The user must also specify whether the
hole is located in an upper or lower skin, which determines if
the patch is for tension or compression loads.

The final information required are the requirements for the next
mission of the aircraft. These determine the load level that the
patch must be designed to carry. REPAIRMAN utilizes a graphical
display of the wing, and the hole as described by the user, to
provide visual verification of the input information to help
minimize errors. The final patch design is also displayed
graphically. The display resolution is currently low, and is
only for illustration. A screen dump of the user interface is
shown in Figure 1.

Lysi law. vial kid ITT.:

(11 uIer .in able

(21 k"r wi", ski

lCt .ing ski, typ --) I

Aewl li. a .A... *r*lit:

(II Clcl1
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The span Ilotl heo the hoeto 2s -) 8

The cherd ll ia * Ike %lI Is --> 35

Ti. .re. t 10. At the k 0.1. - 1 3

Th . I n m.lot tyes I. 1. 4

Th 90. i.95 An ifl thei t --s -34

(91 Air tI ir

(: air te *ramd
131 Ne..
141 Far,

Select ote.. type --) i-

GPtS 050167 A

Figure 1. User Interface to REPAIRMAN

The first step in the solution procedure is for REPAIRMAN to
determine what the effect of the hole is on the stress field
in the skin. To accomplish this, BREPAIR is run for the hole with
no patch present. The program provides the stress level at the
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critical location on the hole outline. This value is used, along
with the other properties to determine the patch material,
fastener size, patch thickness and number of bolts for an initial
patch configuration.

The initial patch proposal is analyzed using BREPAIR and the five
design parameters are evaluated to determine the effectiveness of
the patch design. These parameters are the stress in the patch,
the strain in the skin, the maximum shear load in the bolts, the
bearing stress in the skin and the bearing stress in the patch.
Each critical parameter has an allowable value which determines
an upper bound for that parameter. A tolerance factor of 0.8 is
used to obtain a lower bound for the parameter. A parameter that
is lower than the tolerance level is considered too low, one that
is higher than the allowable is considered too high and one that
is between the tolerance and allowable is considered OK.

Rules are present in REPAIRMAN that evaluate these five
quantities and, if they are too high or too low, propose changes
to the patch design and submit a revised design for analysis by
BREPAIR. This process continues until an acceptable design is
found. Figure 2 shows the structure and general flow of the
REPAIRMAN system.

Begin

Prompt
User for

Dataq

Brepair
Display-- - - - - - -
Hole onB

WingA

Data No i Read Ys Results
Correct Patch ODesign File

Yes No

Develop Analyze Dio e
First Patch i PNew

Design thDesign

Write Write sto Write
Patch Result Patch

Design File FileDeinFl

A A

Figure 2. REPAIRMAN Flow Diagram
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REPAIRMAN was developed on the SUN Microsystem 3/160 workstation
using the Knowledge Engineering Environment (KEE) from S
Intellicorp. KEE provides a convenient method for developing
artificial intelligence applications that combine object-oriented
programming and rules. The objects in KEE are referred to as
units and their characteristics are called slots. This
terminology will be used when referring to objects in REPAIRMAN.

RULE SYSTEM

The REPAIRMAN system has 3 sets of rules that it uses to evaluate
and propose changes to a patch design. These are called the Rank
rules, the Joint rules and the Evaluation rules. The Rank rules
are used to rank each of the 5 critical quantities as either too
low, OK, or too high depending on where they fall relative to the
allowable range for that parameter. The second rule set, Joint
rules, evaluates the 3 quantities affecting the joints, the bolt
shear, the bearing stress in the skin, and the bearing stress in
the patch to determine an overall joint status. The status of the
joints along with the skin strain level and the patch stress is
used by the third rule set, the Evaluation rules, to determine
what corrective action, if any, should be taken to improve the
patch design. Five corrective actions can be taken: add or delete
bolts, add or delete thickness on the patch, and increase the
bolt diamec z. These actions are usually applied singly, but two
actions can be applied simultaneously in limited cases.

The KEE software system used to develop REPAIRMAN provides a very
nice "english-like" format for expressing rules. Several typical
rules from the Evaluation rule set are shown in Figure 3.

(EVAL.RULE. 1
(IF (THE RANK.JOINT.STATUS OF PATCH IS TOO.L(W)

(THE RANK.SKIN.STRAIN OF SKIN IS TOO.LCW)
(THE RANK.PATCH.STRESS OF PATCH IS TOO.LCW)

THEN
(CHANGE.TO (THE RULES.FIRE OF PATCH IS 1))
(LISP (UNITMSG 'PATCHES 'DELETE.BOLTS))))

(EVAL.RULE.16
(IF (THE RANK.JOINT.STATUS OF PATCH IS OK)

(THE RANK.SKIN.STRAIN OF SKIN IS TOO.HIGH)
(THE RANK.PATCH.STRESS OF PATCH IS TOO.LCW)

THEN
(CHANGE.TO (THE RULES.FIRE OF PATCH IS 16))
(LISP (UNITMSG 'PATCHES 'THICKER.PATCH))
(LISP (UNITMSG 'PATCHES 'ADD.BOLTS))))

Figure 3. Typical Rule Format
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KNOWLEDGE BASE

REPAIRMAN's knowledge base is fairly straight forward with the 3
rule sets described above comprising the most significant part of
it. There is also a class of units which contain the material
properties that REPAIRMAN uses to develop the patch designs.
REPAIRMAN works with only 3 objects in the knowledge base; the
hole, the skin, and the patch. These three objects, however, have
a fairly large number of slots (or descriptors) that define their
state. These slots are listed in Tables 1 and 2. The slots are
used to store the physical characteristics of the objects as well
as the qualitative information about the status of the critical
variables and the overall design.

S

+-----------------------------------------------------------------------
I I
I ALLOWVABLE. BOLT. SHEAR PATCH. LENGTH I
I ALL(WABLE. PATCH. BEARING PATCH.MATER IAL
I ALLOWABLE. PATCH. BUCKLING PATCH. STATUS t
I ALLCWABLE. PATCH. STRENGTH PATCH. STRESS I
I BOLT.SHEAR PATCH.THICKNESS I
I BOLT.TYPE PATCH.WIDTH I
ICODE CrOSMETIC. PATCH RANK. BOLT. SHEAR I
I CODE.ERROR RANK. JOINT.STATUS
I CODE.NO.PATCH RANK.PATCH.BEARING I
1 CODE. PATCH. ANALYS I S RANK. PATCH. BUCKLING I
I FOR.MISSION.TYPE RANK.PATCH.STRESS
I LOAD RULES.FIRE
I LOAD.TYPE TOLERANCE
I MINIMUM.BOLTS TOLERANCE.BOLT.SHEAR I
I NUMBER.OF.BOLTS TOLERANCE.PATCH.BEARING I
I PATCH. BEARING TOLERANCE. PATCH. STRENGTH I

+-----------------------------------------------------------------------

Table 1. Slots Describing Patch Unit

A unit called Supervisor has slots that contain the method
descriptions (LISP code) that perform many of the actions that
REPAIRMAN takes during a problem solution. These methods are
loaded with the knowledge base, but remain inactive until sent a
message by the system.

58



I HOLE SLOTS I SKIN SLOTS I
----------------------- +------------------------------------------

I LOCATION.CHORD I ALLONABLE.SKIN.BEARING I
I LOCATION.SPAN I ALLWYABLE.SKIN.STRENGTH I
I MAJOR.AXIS I CODE.SKIN.ANALYSIS I
I MINOR.AXIS I RANK.SKIN.BEARING I
I ORIENTATION I RANK.SKIN.STRAIN
I SHAPE I SKIN.BEARING

I SKIN.LOCATION
I SKIN.MATERIAL
I SKIN.STRAIN
I SKIN.THICKNESS
I TOLERANCE.SKIN.BEARING I
I TOLERANCE.SKIN.STRENGTH I

+----------------------+------------------------------------------

Table 2. Slots Describing Hole Unit and Skin Unit

SYSTEd LIMITATIONS

Limitations to the scope of the REPAIRMAN system came from two
places. First, the original Air Force contract considered only 0
battle damage repairs that could be built up from the materials
available in the aircraft repair kit. These limitations are:

1) 1/4 and 5/16 inch diameter jo-bolts can be used to bolt the
patch to the skin.

2) Aluminum sheet stock in 0.040, 0.050, 0.063, and 0.125 inch
thicknesses is available.

3) Steel sheet stock in 0.016, 0.032, and 0.040 inch thicknesses
is available.

4) The damage size is limited to a maximum major dimension of 7
inches.

Further constraints were introduced as a result of the intent to
quickly produce a prototype system. Within that context further
scoping was in order to limit the development to a manageable
size. The limitations produced by the scoping process are:

1) The thickness of the wing skin is a uniform taper from 0.70
inches at the root to 0.10 inches at the tip.

2) Wing skin material is AS4/3501-6 Carbon-Epoxy composite.
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3) The effects of the underlying substructure are not considered.
In the original Air Force work (Reference 1) the bolt pattern
determined for the patch had a 1.5" movement available to avoid
such underlying structure.

PERFORMANCE OF REPAIRMAN

REPAIRMAN has designed patches for both tension and compression
cases. The results of those cases compared well with the
solutions developed by one of the experts who assisted in the
development of the system. The patch designs compared well in
both the number of bolts used, the size bolts used, the patck
material used, and the thickness of the patch used. Table 3 shows
a comparison of both a tension and compression patch design.

TENSION PATCH

HOLE: Elliptical LOAD: 4000 micro in./in.
MAJOR AXIS: 6.0 in. ORIENTATION: 90.0 degrees
MINOR AXIS: 4.0 in. SKIN THICKNESS: 0.208 in.

REPAIRMAN: EXPERT:

NO. OF BOLTS 8 9
PATCH THICKNESS 0.06" 0.10"
PATCH MATERIAL AL AL

MIPRESSION PATC

HOLE: Elliptical LOAD: 3300 micro in./in.
MAJOR AXIS: 6.0 in. ORIENTATION: 90.0 degrees
MINOR AXIS: 4.0 in. SKIN THICKNESS: 0.208 in.

REPAIRMAN: EXPERT:

NO. OF BOLTS 14 12
PATCH THICKNESS 0.15" 0.16"
PATCH MATERIAL AL AL

Table 3. Comparison of Performance
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AREAS FOR CONTINUED DEVELOPMENT

In working with REPAIRMAN, several areas were noted to need
further investigation.

1) ADDING BOLTS - Currently bolts are added individually. Studies
indicate that some bolt locations have less effect on the
critical parameters than others. These locations are predictable
and inclusion of this information will allow REPAIRMAN to make
better decisions about how many bolts should be added to gain the
needed change in the critical parameter. This will reduce the
number of times that the BREPAIR program must be run and hence
produces a solution much quicker.

2) REFINEMENT OF RULES - Further refinement of the rules is
needed to produce a more detailed discrimination of the actions S
to be taken when the joint status is not acceptable. Currently
the joint status is based on bolt shear, skin bearing and patch
bearing stresses. When the joint status is not acceptable, a
change is made based on which of these three conditions is
critical. The rules could be refined to determine what action or
combination of actions might better suit a particular combination
of critical joint parameters. Although the system works in its
present state, a more optimum patch design might be achieved with
the benefit of this further discrimination.

3) PARAMETRIC STUDIES - Additional studies are needed with
BREPAIR to determine how individual parameters affect the final
solution. This additional information would perhaps allow
REPAIRMAN to reach a more optimum design with fewer iterations
through the BREPAIR program. The current system produces an
acceptable patch design, but does not attempt to balance the 5
criticai quantities to produce an optimum patch design. The
number of bolts that must be installed directly affects the
amount of time required for the patch installation and thus it
might be argued that reducing the number would be the best
design. This type of approach might be achieved with a deeper
understanding of how each of the parameters affects the solution.

REFERENCES

1) "Battle Damage Repair of Composite Structures", On-going Air
Force Contract No. F33615-83-C-3246.

2) Hinkle, T. and Hoehn, G., "Verification of Analytical
Methodology for Designing Repairs to Composite Skin, Vol. I and
II", Report, Air Force Contract No. F33615-83-C-3246.

3) Bohlmann, R.E., Renieri, G.D., Horton, D.K., "Bolted Repair
Analysis Methodology", Final Report, N62269-81-C-0297, May 1982.
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CHARACTERIZATION OF IMPACT DAMAGE IN COMPOSITES
0

C. F. BUYNAK AND T. J. MORAN

NONDESTRUCTIVE EVALUATION BRANCH, AFWAL/MLLP

AND

S. DONALDSON

MECHANICS AND SURFACE INTERACTIONS BRANCH, AFWAL/MLBM

AIR FORCE WRIGHT AERONAUTICAL LABORATORIES/MATERIALS LABORATORY

WRIGHT-PATTERSON AFB, OHIO 45433

ABSTRACT

Some of the most critical flaws encountered during the service life of

a composite component result from impact damage due to foreign objects

(FOD). The seriousness of this problem has led to much work in both the

Nondestructive Evaluation and Mechanics communities to characterize and

assess the effects of such damage. This paper will report on a new

ultrasonic method to nondestructively produce and display images of the

damage on a ply-by-ply basis with all of the data being collected during a

single scan. Specimens consisting of 32 ply quasi-isotropic graphite/epoxy

and graphite/PEEK composites were examined. Selected data from a specimen

of each material that was subjected to a 20 J (15 ft-lb) impact will be

presented to demonstrate the power of this new technique.
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INTRODUCTION

Laminated composites are now used as engineering materials on

aerospace, automotive, and marine structures. They are often the material

of choice when high stiffness, high strength, and minimum structural weight

are required. However, composites are subject to several forms of damage,

including transverse ply cracking, fiber breakage, fiber/matrix debonding,

and delamination.

Delamination is the separation of plies by planar cracks in the

resin layer between the plies. Delamination damage can significantly

reduce the laminate strength, especially under compressive loading.

Delaminations may be caused by manufacturing flaws, transverse impact from

tool drops, runway debris, or hail, or may grow from structural details

such as free edges or ply build-ups. Destructive sectioning [I or

de-plying [2] of impact damaged laminates has shown that very often the

damage is comprised of many delaminations. each of different size, shape

and ply interface location through the thickness. Unfortunately, the

extent of the delamination damage typically may not be identifiable from

visual surface evidence. Non-destructive methods such as the "coin-tap",

through-transmission, and pulse echo ultrasonic methods have been used to

determine the extent of internal delamination damage. These methods were

useful only in determining the outline of the maximum extent of all

superimposed delaminations, but gave no indication as to the depth of the

individual delaminations. Structural analysis of the compression behavior
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of delaminated laminates has shown that the critical load, or load required

to extend an existing delamination, depends upon the depth of the

delamination [3]. Therefore, a technique was needed to non-destructively

determine not only the maximum extent of delamination damage, but also the

size and depth of individual delaminations.

More advanced instrumentation than is currently in common laboratory

and field usage can provide some detail as a function of depth by using

multiple time gates (a hardware or software function which isolates the

signal returning at a specified time delay relative to a reference) on the

detected and filtered signal. However, even this instrumentation is not

adequate to completelycharacterize the delamination pattern resulting from

impact. The advent of high speed transient recorders with the ability to "

digitize, store and transfer large amounts of data has provided the

capability to capture and analyze the entire signal without reducing the

information content through the detection and filtering process. It was

found that considerably better resolution, especially in the near surface

region, is obtainable using relatively simple signal processing methods

[4]. This paper will display the vast improvement possible when this

advanced capability is utilized for the characterization of impact damage

in composites, discuss the equipment and procedures required for its

implementation as well as the limitations inherent in its application.
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LA'IINATES

The laminates used in this study were 32 ply [0/+45/-45/90]

quasi-isotropic panels. Two material systems were chosen. The first was

Hercules AS4/3501-6 graphite/epoxy, which represents a first generation

brittle matrix system in common use on current aerospace structures. The
S

second system chosen was Imperial Chemical Industries AS4/PEEK APC-2

graphite/thermoplastic composite. This system was chosen because of the

ductile nature of the thermoplastic polyetheretherketone (PEEK) matrix,

which has been shown to lead to significant improvements in the compression

strength of impacted plates [5].

IMPACT EVENT

An impact energy of approximately 20 J (15 ft-lb) was selected for

presentation in this paper because it produced the largest amount of

internal damage along with minimal surface deformation and best

demonstrates the power of the new NDE technique. The laminates were

impacted at low velocity using the instrumented impact apparatus developed

by Sj6blom [6], and is shown in Figure 1. The impact set-up consisted of a

variable weight pendulum released from a pre-determined height to achieve

the desired impact energy. The laminate incoming and exiting velocities

were measured using a timing apparatus adjacent to the specimen. The

impactor had a 12.7 mm (0.5 in.) diameter steel spherical tip. The

laminates were simply supported by a 100 mm (3.94 in.) diameter ring. The
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initial impact energy in the graphite/epoxy was 20.2 J (14.8 ft-lb). The

energy of the rebounding impactor was 10.9 J (7.9 ft-lb). The 46% energy

loss was due to delamination initiation and propagation, fiber breakage,

transverse cracking, and vibration damping and dissipation through the

support fixture. The graphite/PEEK plate was impacted at 20.3 J (14.9

ft-lb). The residual rebound energy in the impactor was 8.4 1 (6.2 ft-lb),

corresponding to a 59% energy loss.

EXPERIMENTAL NDE PROCEDURE

The impacted specimens were ultrasonically scanned using the

laboratory scanning system shown schematically in Figure 3. The system

consists of standard components such as a water tank in which the specimen

is immersed in order to provide a coupling medium for the ultrasonic waves

between the transducer and the specimen, a computer controlled motion

control system to scan the transducer and a conventional ultrasonic

pulser/receiver to excite the transducer and amplify the received

ultrasonic waves. In addition to the standard components, a LeCroy Model

8828B 200 MHz Transient Recorder is used to digitize and store the

ultrasonic waveforms. The entire system is controlled by a PDP 11/23

computer with commands and data sent over an IEEE-488 bus. The data is

stored in a 30 MByte Winchester hard disk and displayed on a color video

monitor, a laser printer or a color ink jet printer.
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The specimen is scanned in a raster pattern using a focussed

ultrasonic transducer. A relatively long focal length, 75 to 150 mm (3 to

6 in.) in water, is used in order to produce a narrow, collimated beam in

the material which will give good lateral resolution. In contrast to

conventional systems, the entire ultrasonic waveform is digitized at each

point. No attempt is currently made to retain the entire waveform in

memory, however, since this would produce intolerably large data files.

Instead, one uses prior knowledge about the material and the defects or

properties being sought. For the case of a planar laminated specimen and a

delamination type defect, t is known that the defects will produce

reflections which are out of phase with the input waveform and delayed in

time by some integer multiple (N) of the round trip transit time (T) for an

ultrasonic wave in a single layer. Thus, if one records the amplitude of

the received signal at a time delays equal to NT relative to the largest

peak of the front surface reflection (point R in Figure 4), the signal

level at locations where the returning signal has been reflected from a

delamination will be negatively (or positively if R is negative) perturbed

relative to those-points where there is no reflector present. Since the

entire waveform has been digitized, we are able to record the amplitude at

all points corresponding to an interface in the material and thus build up

an image of the delaminations present on each layer in the material. In

order to minimize the effect of electronic noise and variations in the

thickness of each layer, a number of points (typically 3) on each side of

the typical time delay for a given layer are examined by the computer and

the most negative (or positive) value recorded. This results in a series
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of software gate locations and widths as shown in Figure 4 (solid bars)

being used for the acquisition. As can be seen from the waveform

containing the flaw signal in Figure 4, there is a significant difference

in the amplitude of the ultrasonic waveform at the gate location

corresponding to the arrival time of the defect signal (indicated by the

arrows) and much smaller differences in adjacent gates. For specimens with

small amounts of curvature, a front surface tracking gate is utilized to

ensure consistent time delays within the specimen (point F in Figure 4).

A key to being able to utilize the resolution achievable with this

new data acquisition method is the ability to display the resulting image

in a multilevel format, either color or grey scale. The method for display

of the data which we found gave the best results required that a histogram

of the data be calculated first to provide information on the frequency of

occurrence of a given amplitude level. The resulting display utilized

either an equal number of data points in each image amplitude range or

split the image amplitudes into an equal percent of the entire overall data

range. Although the number of data amplitude levels was 256, we typically

limited the video display a maximum of 64 and 25 for hard copy output due

to the inability of the human eye to perceive more and the limitations of

the hard copy units. A suitable choice of levels allows one to emphasize

different features in the resulting image.
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RESULTS

In this section we will display selected results which illustrate

the significant improvement in resolution achievable using the software

gated ultrasonic method. The graphite/epoxy specimen was scanned using a 5

MHz, 50 mm (2 in.) focal length ultrasonic transducer which was defocussed

from the front surface by 1/2 the specimen thickness. The defocussing

results in a relatively collimated ultrasonic beam in the specimen for good

lateral resolution.

The significant defect features (i.e. delaminations) are displayed

on a ply-by-ply basis (Figure 5). Each delamination assumes a "peanut" or

"bow-tie" shape which can be correlated with the material's properties and

the impacting energy (7). The lower ply delaminations are not completely

imaged as they are shielded or shadowed from the ultrasonic energy by the

delaminations located in the previous interfaces. Figure 5(a) shows the

damage at the first interface. Very little damage is detected here, the

indication is most likely the slight impression resulting from the impact,

but the subsequent layers show a continual increase in the severity of

damage. Figure 5(b) displays a striking example of the peanut-shaped

delamination along the +45 degree direction at the second interface. The

third interface (Figure 5(c)) shows the effect of the adjacent plies as the

delamination pattern turns 45 degrees and increases in size. Also evident,

is the effect of the previous interface's delamination as the ply

separation under the prior interface cannot be imaged. A careful
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examination of the area adjacent to the shadow of the delamination in the

upper layer shows some evidence that it bridged down into this layer

through a crack between the fibers (4). Subsequent damage in further

layers is apparent in Figures 5(d,e,f) as the damaged area continues to

increase in size and changes orientation. The bridging phenomenon is

especially evident in Figure 5(d).

In order to illustrate how different materials can be analyzed and

compared, data from a second material was collected. A graphite/PEEK

composite panel was scanned using a 10 MHz, 75 mm (3 in.) focal length

ultrasonic transducer, also defocussed to the midpoint of the specimen

thickness. A different transducer was used to show that superior

resolution could be obtained utilizing the software gating technique at

various frequencies. Figure 6 shows the delaminations present in the first

six interfaces.

The cumulative effect of these delaminations is outlined in Figure

7. These maps of the individual delaminations were made for this figure by

hand tracing the outline of the unshadowed portion of each delamination

between subsequent plies. The images shown in Figures 5 and 6 as well as

images collected for the other layers which were not shown for the sake of

brevity provided data for these maps. Future maps will be made using a

software image subtraction method which is currently under development.

The layer-by-layer impact damage in the graphite/epoxy panel (Figure 7(a))

is summarized opposite the damage resulting from a similar impact load in a
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thermoplastic matrix material (Figure 7(b)). The ultrasonic damage mapping

presents an excellent procedure to document the differences between these

two materials. The ply-by-ply imaging enables the investigator to follow

growth of delaminations through the damaged area. The assembly of those

images allows one to see the cumulative effect of damage through the

material and recognize any significant patterns that may exist.

CONCLUSIONS

The value of digitizing rf ultrasonic data with software processing

has been demonstrated in this paper. The method has the ability to resolve

closely spaced delaminations which could not be separated using

conventional methods and should provide the composite developers with a

powerful tool to characterize the behavior of new materials.

The damage imaged in this paper portrays several significant features

of the impact damaged areas provides insight into the damage tolerance of

these materials. Layer-by-layer images display the growth of the internal

damage. Figure 6 displays the cumulative damage effect in each material.

Layers affected by impact forces which resulted in delamination appear in

regular patterns as one follows the damage radially from the center of the

impact site. The affected layers continually appear in various multiples

of four. This correlates with the lay-up intervals for these

quasi-isotropic materials as damage tends to cluster in the radial

direction of the adjacent ply's orientation. Destructive evaluation [4]
0
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displays this regular pattern of delaminations. The energy absorption

capabilities of the two matrix materials (PEEK and epoxy) is graphically 1

shown in Figure 6. The graphite/epoxy composite distributes the impact

load to a larger area within the material. This load is also more evenly

distributed through the material as evidenced by the larger quantity of

layer delaminations (Figure 6(a)). The thermoplastic PEEK matrix contains

the damage to a smaller cross-sectional area in Figure 6(b) as damage does

not spread out far from the impact site and is more concentrated on several

interfaces. This correlates with the design preference of the more ductile

PEEK matrix absorbing the energy and containing the damage to a limited

area.

o
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Figure Captio,,s

1. Low-velocity impact apparatus from Sjoblom [6].

2. High resolution ultrasonic scanning system

3. Ultrasonic waveforms at unflawed and flawed locations in specimen;

vertical axis - amplitude, horizontal axis - time, time position F -

front surface tracking location, time position R - front surface

reference location, arrows indicate third gate location.

4. Ultrasonic images of the defect patterns at selected interfaces of a 32

ply graphite/epoxy specimen; (a) through (e) - interfaces I through 5,

(f) - interface 7, delaminations show up as the darkest (highest

amplitude) area in each image.

5. Ultrasonic images of the defect patterns at selected interfaces of a 32

ply graphite/PEEK specimen; (a) through (f) - interfaces 1 through 6,

delaminations show up as the darkest (highest amplitude) area in each

image.

6. Delamination maps generated from the ultrasonic images showing

ply-by-ply patterns; (a) graphite/epoxy specimen, (b) graphite/PEEK

specimen.
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COMET I YOKE PETER - FIRST JET TRANSPORT

AIRCRAFT TO ENTER SCHEDULED AIRLINE SERVICE

DESIGN LIFE VERSUS HIGH TIME

FOR COMMERCIAL TRANSPORTS

DESIGN LIFE HIGH hUE
_________ AS OF

AIRCRAFT HOURS FLIGHTS HOURS FLIGHTS DATE

DCI8 so0'000 25.000 74.050 43.604 SEP 11116
DC9 30.000 40.000 51.512 83.?9i6 SEP 1966

DC-10 b0.0006 42.000 55.686 20.11)9 SEP I9ON

L-1011 604000 36.000 37,001 21.249 JUN 196
707 60.000 30,000 0)I 7fi.285 IS.235 SEP 1966
720 60.000 50.000 67.745 43.5114 SEP 1986

727 60.000 60.000 65.814 64.227 SEP 196
737 05.000 75.000 58.450 61.669 SEP 1966

747 60.000 20.000 61.0446 24,241 SEP 1966

it) 50.000 FOR SOME MODELS
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PROBABLE FAILURE ORIGIN COMET I YOKE PETER

STRESS DISTRIBUTION AT 8.25 KSI
CABIN PRESSURE AND 1.3-G INERTIA
LOADING

AS1 OUT-OF-PLANE BENDING Pf 81KIFIUEOII

STRAIN GAGE ~ 'A -RI=1.1 S ALUEOII

IOUTSDE/

coo

J 90 -1 TI-T

KSI 1 JF iT
-281"'1 AUTOMATIC DIRECTION FINDING

WINDOWS

BASIC COMET I SHELL CONFIGURATION

PROBABLE FAILURE ORIGIN -YOKE PETER

BASIC COMET I SHELL STRUCTURE

- CUTOUT IN FRAME
- (A)

EVIDENCE OF FATIGUE-. CRACK

S A A \ -

ADF 0
WIN DOW- _P -

o 0 C)
-if-STRESS CONCENTRATION NEAR

KNIFE EDGE COUNTERSINK~\ FRAME CUTOUT

0 .028-1 NCH -THICK DOUBLER
SECTION A~i \-.028INCHTHICC SKIN

(C) STRINGER FLANGE
FRAME FLANGE
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PROBABLE FAILURE ORIGIN

COMET I YOKE UNCLE TEST AIRCRAFT PP
.

r FAILURE ORIGIN A

L ~~*J STRAIN GAGE 0

SID _' -)p 4
FORWARD ESCAPE HATCH OUTou SIDE 1g 0 /

OUT-OF.PLANE SENDING /C6 - ,O

STRESS DISTRIBUTION AT 8.25 PSI 0
CABIN PRESSURE AND 1.3-G INERTIA P s
LOADING 82 STRESS

-420 (KSI)

RESIDUAL STRENGTH ANALYSIS AND TEST RESULTS

ON COMET I FUSELAGE WITH CRACK STOPPER STRAPS

(WILLIAMS TEST)
AVERAGE UNIFORM SRS-
14,746 PSI. SRS ' .. 2 - INITIAL SAWCUT LENGTH 6.5 INCHES

0.028&INCH-THICI( -
OTO 546 ~ . .STRAPS 1.2 BYO0.128

PRI - 16.120 PSI

CYCLIC PRESSURE 30/
A 61.5 INCHES (A KC 93.W4 KSI IJ.

1.0 2

0.9 -2

06 TPAC 514.746 KSI -

0.7 10 A,
0 FRACTURE ARREST

I ' _' 

5

2 4 6 8 10 12 14 2 4 6 a81 1

HALF-CRACK( LENGTH (IN.) HALF-CRACK LENGTH (ON.)
(a) (C)
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RESIDUAL STRENGTH DIAGRAM FOR TWO-BAY CRACK

WITH CENTER FRAME BROKEN - CRACK HEADING

TOWARD NOTCH (COMET I TYPE CONFIGURATION)

TWO-BAY SKIN CRACK WITH
CENTER FRAME BROKEN

40-
CRACK HEADING

C TOWARD CUTOUT

EFFECTIVE P. M \ OUTER FRAME STRENGTH
30 -SKIN HELPING ALLOWABLE WITH HELP

,- FRAME BENDING M-\ FROM SKIN IN FRAME

00
_ ._.A VERAGE HOOP STRESS 14.42 KSI ..

cc A SKIN FRACTURE CURVE B P M

0 OUTER FRAME F-
c STRENGTH ALLOWABLE WITH M - - - .

NO HELP FROM EFFECTIVE SKIN " < j Z P-

4 8 12 16 20 24 C

HALF-CRACK LENGTH (IN.)

5S

RESIDUAL STRENGTH DIAGRAM FOR TWO-BAY CRACK

WITH CENTER FRAME INTACT - CRACK HEADING

TOWARD NOTCH (COMET I TYPE CONFIGURATION)

M -~ CRITICAL POINT

TWO-SAY SKIN CRACK -
40 CENTER FRAME "

INTACT

I- 
0

2

_ . - .,NAVERAGE IIOOP STRESS
i ---- - 14.42 KSI ]

S10 /.CENTER FRAME "--KN FRACTURE CUflVEO "-JFST RENG T II ALLOWABLE-SI
CA I _J00

44 201 1 20 2

HALF CRACK LENALTHWABLE
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RESIDUAL STRENGTH DIAGRAM FOR TWO-BAY CRACK

WITH CENTER FRAME BROKEN - CRACK HEADING BETWEEN

CUTOUTS (COMET I TYPE CONFIGURATION)
S

TWO-BAY SKIN CRACK
WITH CENTER FRAME BROKEN

CRACK HEADING MIDWAY
BETWEEN CUTOUTS

0-

IE F M N OUTER FRAME STRENGTHC5 OUTER FRAMES INTACT

. 20

AVERAGE HOOP STRESS 14.42 KSI

A

B PAin SKIN FRACTURE CURVE
(n

A4 8 12 1M 20 24

N HALF-CRACK LENGTH (IN.)

DC-6 AND DC-7 PROPELLER BLADE FAILURE INCIDENTS

(B) PROPELLER DAMAGE. PRESRIZED DC-7,

PRESSnIZED NEAR MEMPHIS, 5 MARCH 1257
(A) PROPELLER BLADE DAMAGE, PRESSURIZED i

DC.6, NEAR DENVER, 22 AUGUST 19S0
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DC-8 FUSELAGE FATIGUE TEST PANELS 0

REPRESENTING VARIOUS AREAS OF THE AIRPLANE

AFT FUSELAGE
CONSTRUCTION \%

FORWARD FUSELAGE X\
CONSTRUCTION

EMERGENCY EXIT

~WINDOW CONSTRUCTION

AIR CONDITIONING
AND TOILET SERVICE DOORS

MINIMUM GAUGE CONSTRUCTION FOR DC-8 FUSELAGE

CONTINUOUS FRAME
WITHOUT NOTCH
(FRAMES 20 INCHES APART)---,, 0.0,5-INCH.THICK

NOTCH IN SEART SHEAR CLIP 2014-TO SKIN

AVERAGE STRESS 9,360 PSI

0.0254NCH-THICK
TITANIUM CRACKSTOPPER

- TITANIUM CRACK STOPPER STRAP PROVIDES
CONTINUITY ACROSS THE STIFFENER

• . '-CONCENTRATION AT FIRST RIVET
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DC-8 WEDGE PENETRATION TESTS

PENET~tATI5 TEtT

TWO BAY DAMAGE WITH BROKEN FRAME AND LONGERON
(INSIDE VIEW)

261



TWO BAY SKIN CRACK SHOWING FLAPPING

(EXTERNAL VIEW)

4 ,

e :1.

A

POSSIBLE SKIN FATIGUE CRACKING SCENARIOS IN

CIRCUMFERENTIAL AND LONGITUDINAL DIRECTIONS

SKIN CRACK AT NEXT FASTENER
FROM LONGERON CRACK

... , , FRAME

LONGERON CRACK AT

CONNECTION TO FRAME

SKIN CRACK PROPAGATES INTO
TWO BAYS IN CIRCUMFERENTIAL
DIRECTION

SHEAR CLIP
TWO-SAY SKIN

SCRACK IN
HIGH LOCAL STRESS LONGITUDINAL

DIRECTION
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FATIGUE SENSITIVE AREAS IN FUSELAGE BASIC

SHELL STRUCTURE

SKIN CRACKING DUE TO HIGH LOCAL
BENDING STRESSES CAUSED BY
CABIN PRESSURE

VARIATION IN HOOP STRESS LOCAL SKIN STRESSES

FUNCTION OF FRAME PROPERTIES- ,,,F I I Y , DUE TO FRAME BENDING

AND FLEXIBILITY

-. POTENTIAL- "< "TWO-BAY

SKIN CRACK
STARTING AT
SHEAR CLIP

.-. .CUTOUT
- ~CABIN PRESSURE CTU

\FRAME BENDING

CIRCUMFERENTIAL 
L N O A GE BENDING

SKIN CRACKING DUE TO -" "- LONGERON CRACKING DUE TO PAYLOAD

HIGH LOCAL SKIN STRESS DUE TO STRESSES REDISTRIBUTION

CAUSED BY CABIN PRESSU CAUSED BY PRESSURE- AND PRESSURE
RES BY IINDUCED BENDING 

4K

POTENTIAL TWO-SAY
SKIN CRACK AFTER
LONGERON FAILURE

DAMAGE TOLERANCE DESIGN GOALS FOR FUSELAGE SKIN

TWO-DAY CIRCUMFERENTIAL CRACK

ONAY WITH BROKEN LONGERON

CRACK /', RC

163 I

0 DC-a

EARLIER AIRCRAFT DESIGN -- Z
GOAL

ONE-BAY CIRCUMFERENTIAL CRO A OGTUIA

CRACKCRK
DC-10 DAMAGE TOLERANCE DESIGN GOAL
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RESULTS OF FINITE ELEMENT ANALYSIS FOR CANDIDATE

SKIN MATERIALS - TWO BAY CRACK WITH BROKEN

LONGERON

CENTERGROSS 
STRESS

STIFFENER BROKEN ~ -.- STIFFENER SPACING 8 INCHES

CALCULATED ALLOWABLE (KSI)
- - . ~MATERIAL - ---

SMALL HAT LARGE HAT

20144T6 18.40 19.52

LII EINSRS EURD7075-T73 23.52 25.28
UMI DEIGNSTRSS EQURED2024-T3 36.48 J ___38.72

FOR THIS DAMAGE - 34 KSI

A80- go-~8
S OUTEk__ NET AREAO03029 IN.

2 NTAAO52
S STIFFENER,I OUTERRA .52 IN.2

0 0 TENTH060 -STIFFENER A 707i-T6
w u STRENGTH- 8 2014-TG

cn C 7075-T73
40 0 0 D 2024-T3

40 DESIGN STRESS 4

20 -- __"_ ~ 20 [

S SKIv- A P

0 FACTURE CURVES W0 SKIN FRACTURE CURVES

0 2 46 8 to 2 4 6 8 t0
HALF-CRACLENGTH (IN.) HALF-CRACK LENGTH (IN.)

FINITE ELEMENT RESULTS -LONGITUDINAL CRACK CASE

FRAMES WITH CRACK STOPPERS.-~ A 7075-T6
CENTER CRACK STOPPER FAILED, 0 2014-T6 FRAMES WITHOUT CRACK STOPPERS.
CENTER FRAME INTACT C 7075-T73 CENTER FRAME INTACT

so- D 2024 T3
60 o--: 6

I --- LATE 0 <'n FLAT
4~~50 s-CUVEo --- CURVED

40- fa - .

0 30K 'C
STRESS-.. ~ C-A r. -

10 z-A -

12 16 20 2 4 4 8 12 16 20 24I

HIALF-CRACK LENGTH (IN.) HALF-CRACK LENGTH (IN.)
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DEVELOPMENT TEST PANELS FOR LARGE DAMAGE

SIMULATION

II,

(A) FLAT PANELS - LONGITUDINAL
CRACK (S) FLAT PANELS

(C) CURVED PANELS (D) VACUUM TEST MACHINE -
CURVED PANELS

TYPICAL EXAMPLES OF PANELS CONTAINING LARGE

DAMAGE LOADED TO FAILURE

-
.4o- . - . -°

(A) FLAT PANEL SIMULATING
LONGITUDINAL DAMAGE

.. ~(B) F LAT PANEL SIMULATING
CIRCUMFERENTIAL DAMAGE

S(C) CURVED PANEL AFTER FAILURE FROM

LONGITUDINAL DAMAGE
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FLAT PANEL AFTER ARREST OF TWO BAY

LONGITUDINAL CRACK

(A)

M

\-MAINCRACK WOULD
SHEAR CLIP ' T ;FAIL FRAME
FAILED STILL INTACT WITH THIS

RESIDUAL STRENGTH FOR LONGITUDINAL CRACK

IS LIMITED BY STIFFENER STRENGTH

-0.071-INCH.THICK 2024-T3 SKIN

BASED ON FINITE-ELEMENT ANALYSIS

OUTER CRACK STOPPER- A 6
STRENGTH CRITERION

z

u SKIN 
"

30 FRACTURE a
CRITERION -

CENTER FRAME CENTER FRAME wic
i STRENGTH CRITERION

TOTAL CRACK LFNGTH (IN.)CENTER CRACK OUTER CRACK STOPPEIR
STOPPER FAILED INTACT
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TEST RESULTS FOR TWO BAY CIRCUMFERENTIAL CRACK

WITH BROKEN CENTRAL LONGERON

TWO-SAY CRACK
BROKEN CENTER STIFFENER 'A

- THREE-BAY
- .- ~.,.CRACK WITH TWO

-N6VALR NO FA____E BROKEN
40 ALUE NOFILR STIFFENERS
0 NO FAILURE

- DESIGN
GO~AL-

20-

z z \
O 0 U) U)0) Z) U) \) , U)

*) \) 'a 4
oa c 0 0 a 01

7075-T6
EXTRUSION~-'L Jfta T 4lLt ~I
NET AREA
(IN.2 ) 0.3029 0.5121 0.2895 0.4885 0.3029 0.2895 0.4865

MINIMUM GAUGE CONSTRUCTION FOR DC-10 FUSELAGE

NOMINAL CABIN PRESSURE 8.6 PSI-'
PRIT STRESS 14,987 PSI 0.068-INCH-THICI(
AVERAGE STRESS 10,904 PSI 22-3SI
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ELEMENT TEST RESULTS

This data was obtained under the MCAIR Al-Li Wing Skin program for the F-15 p

STOL technology demonstrator, Contract F33615-80-C-3227. The tests were

performed on ALCAN's production stock of 8090 Al-Li plate (1.8' thick) in the

T851 condition. AFWAL/FIBEC and MCAIR did the actual testing.

COMPRESSION (L AND LT)

SPECIEN # F (ksi) F (kni) MOD (asi)
cy cu

1 56.3 80.6 11.9
2 56.8 78.0 11.8
3 57.3 77.6 11.6
4 58.4 79.0 11.8
5 58.9 77.7 12.2
6 57.4 87.1 11.4 0
7 57.6 77.1 12.1
8 58.4 78.3 11.8
9 57.6 78.6 12.1
10 59.7 79.6 11.9
11 59.7 81.3 11.5
12 59.7 81.4 11.9
13 59.7 82.4 11.7
14 59.0 81.5 11.4
15 59.7 81.5 11.9
16 59.0 80.9 11.8
17 59.7 81.5 11.6
18 58.9 81.9 11.3

19 57.9 77.3 11.0
20 57.0 79.9 12.6
21 57.6 77.4 11.4
22 59.0 78.5 12.0
23 58.1 78.2 12.1
24 58.2 81.0 11.6
25 58.6 79.8 11.8
26 59.4 78.7 11.8
27 58.1 77.9 12.0
28 58.4 77.9 11.9
29 58.4 80.2 11.7
30 58.4 79.4 12.2
31 58.7 78.7 11.9
32 58.9 78.4 12.1
33 58.4 78.6 11.8
34 58.2 80.9 11.7
35 59.0 78.0 11.8
36 58.5 78.8 11.6
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TENSILE (L and LT)

SPECIMEN # F (ksi) F (ksi) MOD (msi)
ty tu

37 61.0 72.6 11.7
38 80.5 71.4 11.3
39 60.6 71.5 11.0
40 61.2 71.8 11.2
41 61.3 71.8 11.3
42 60.0 71.3 11.1
43 61.4 72.2 11.2
44 60.3 71.2 11.3
45 80.8 71.4 11.2
48 55.4 70.6 11.2
47 55.0 69.9 11.1
48 55.6 70.8 11.1
49 58.4 70.9 10.7 -T
s0 56.0 72.6 8.3
51 56.8 71.3 10.5 IALL VALUES ARE
52 61.7 72.4 10.8 IESTIMATED FROM THE
53 58.3 70.9 10.0 JSTRIP CHART
54 62.4 72.4 10.9
55 55.2 70.6 10.8
56 55.8 70.4 11.3
57 56.4 70.6 11.4
58 55.8 69.9 10.9
59 56.3 70.5 11.0
60 56.1 71.1 11.0

COMPRESSION (ST)

PLATE F (ksi) MOD (msi)
cy

1 60.1 12.5-- - -- - -- - - -- - - -- - -- - - -- - -- - - -- - -

1 60.8 12.5
1 60.6 12.5
1 60.7 12.5
1 60.4 12.5
1 60.4 12.1

1 60.7 12.46

2 59.9 12.5
2 59.8 13.0
2 50.0 12.8
2 60.2 11.9
2 59.7 12.8
2 59.8 12.1
2 60.2 12.6
2 59.6 11.8
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TENSILE (ST)
PLATE # F (ksi) F (ksi) MOD (msi) % elongation

ty tu

1 53.0 61.0 12.2 2.0
1 53.5 65.5 12.1 -2.0
1 53.5 70.0 12.1 3.0
1 53.5 63.5 11.8 2.0

2 52.5 69.5 12.3 3.0
2 52.5 68.5 11.3 3.0
2 52.5 69.5 11.7 3.0
2 53.0 87.5 12.1 3.0
2 51.5 68.0 11.9 3.0
2 53.0 68.0 12.2 2.0
2 53.0 69.0 12.8 4.0
2 52.5 68.0 11.7 4.0

BOLT BEARING (L and LT)
PLATE # F (ksi) e/d =1.5

bry

1 87.0
1 87.3
1 87.5
1 86.5
1 88.9
1 86.2
1 87.2

2 87.2
2 88.1
2 87.9
2 87.2
2 88.0
2 86.4
2 86.9
2 87.2
2 86.3

FRACTURE TOUGHNESS (tested at ALCAN)
PLATE # K (ksi in) ROLLING DIRECTION

iC (L or LT)

1 23.0 L
1 23.2 LT

2-3.

2 23.1 LT
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Lessons Learned from the T-46A
Durability and Damage Tolerance Program -

by

Hsing C. Yeh
Fracture/Durability Engineer

Deputy for C-17
AERONAUTICAL SYSTEMS DIVISION (AFSC)

UNITED STATES AIR FORCE
Wright-Patterson AFB, OH 45433-65C3

To be presented at:

1987 USAF Aircraft/Engine Structural Integrity Program
(ASIP/ENSIP) Conference

-Snyopsis-

This paper presents the T-46A Durability and Damage Tolerance Program
accomplishments through full scale engineering development. The T-46A
design criteria, analysis, development test, and the full scale durability
test are discussed.

A detail discussion of the findings of the Pre-Production Design
Verification (PDV) tests, full scale durability test and proposed design
changes to be incorporated in the production articles are described.
Special manufacturing processes such as application of cold work,
installation of interference fasteners are also presented.

Lessons learned from the program are discussed in detail. It is believed
that use of the lessons learned discussed in this paper for future
structural integrity programs will significantly reduce durability and
damage tolerance technical risk.
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Lessons Learned from the T-46A
Durability and Damage Tolerance Program

I. Introduction

Military Standard 1530A "Aircraft Structural Integrity Program (ASIP)
Airplane Requirements" (Ref 1) defines the overall requirements necessary
to achieve structural integrity of USAF airplanes. To partially satisfy
ASIP requirements, a Durability and Damage Tolerance Program was
established in the T-46A Full Scale Engineering Design Development (Refs 2,
3). This was started in May 1982 and was concluded in March 1987.

II. Design Criteria

The service life requirement of T-46A was 20,000 flight hours. In
order to insure structural safety and achieve low cost maintenance and
operational readiness throughout the design service life of the aircraft,
the durability and damage tolerance design requirement was specified that
the structure will neither reach functional impairment nor safety limit
within two design lifetimes.

III. Analysis

In the preliminai ', ,:ign, allowable stress levels for sizing were
selected to satisly the structural design criteria. Critical areas were
further selected fo: detail durability and damage tolerance analysis.
These areas were -: the basis of preliminary stress analysis,
geometrical configuiation ai;n materials.

The original randomized flight-by-flight spectrum was developed with
mission profiles defined in the Next Generation Trainer (NGT) Request for
Proposal (RFP). A Durability and Damage Tolerance Analysis was performed
to determine the analytical structural lives. After the T-46A Critical
Design Review (CDR) in August 1983, the original design spectrum was
revised to include the anticipated operational air speeds. The Air
Training Command (ATC), USAF, revised the air speeds in the original
mission profiles which were much lower than the aircraft performance
capability and previous trainer service experience. Durability and Damage
Tolerance Analysis were rechecked with the revised flight by flight
randomized spectrum to determine the impact of this change on the 0
structural design. The reanalysis led to a design change for the upper
skin from 7075-T6 to 2024-T3 and reinforcement of spar and stringer on the
horizontal stabilizer.

IV. Design Development Test

The design development test program included coupon tests, structural
configuration tests and pre--production design verification tests.
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a. Coupon Test Program

Coupons representing various parts of the forward fuselage, aft
fuselage, empennage and wing were tested under constant amplitude and S
flight-by-flight spectrum to obtain crack growth data, truncation leveis
for design development testing and validation of the analytical crack
growth methodology.

A total of 90 coupons representing five materials and four airframe
components were manufactured for the original design flight by flight

spectrum test. Three basic structural configurations were represented by
open hole, filled hole, and various degrees of load transfer. Design gross
stresses for the respective airframe components were used as references for
the selection of maximum spectrum test stresses. After a truncation study
of analysis and coupon tests, the truncation range of 3000 psi was
selected. Spectrum coupon test results showed that the crack growth
analysis was in good agreement with test results (Ref 4).

An additional 30 coupons were manufactured for the revised spectrum
testing. The results indicated that wing spar flanges required design
modification.

b. Structural Configuration Test Program

Three structural configuration; wing splice front spar, wing
splice/skin and lower wing cover, were selected for durability, damage
tolerance and residual strength tesing.

(1) Durability TestingI

The original design flight by flight spectrum was applied to
three structural configurations for two lifetimes of durability testing.
Inspection conducted at end of two lifetime testing showed no signs of
crack initiation in any of these three specimens.

(2) Damage Tolerance Testing

Damage tolerance testing were intiated after two lifetimes of
durability testing. A thorough structural inspection of these specimens
were conducted. Fasteners were removed for hole inspections and flaw
insertions. Four locations on each specimen were inserted with artificial
flaws with a jeweler's saw and an Exactor knife. At end of one lifetime
damage tolerance testing, no sign of crack growth or damage were found on
specimens. The wing splice/skin specimen were further tested for an V
additional two lifetimes of damage tolerance but no crack growth was found.

(3) Residual Strength Testing N
Only the lower wing cover underwent residual strength testing

after the completion of one lifetime damage tolerance testing. No damage or S
flaw growth was found. This same flaw was then extended to 8.42" and was
tested to failure. The failure load reached 135% of design limit load.
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In conclusion, the results of these tests 5howed that the design

exceeded the specification design requirements (ref.5).

c. Pre-Production Design Verification (PDV) Test Program

The objectives of PDV tests were to verify whether the design
sastifys the durability and damage tolerance requirements. Tests were
conducted on selected critical compmnents using the earliest available
production-type parts. Three major structural components were programmed
for testing to the revised flight by flight spectrum for two lifetime of
durability and one lifetime of damage tolerance testing.

(1) Empennage/Fuselage Attachment

This component completed two lifetime of durability and one lifetime
damage tolerance testing with the revised flight by flight randomized
spectrum. A thorough inspection was conducted after two lifetime durability
testing and found two cracks in the fuselage access door doubler. Five
artificial corner flaws of .05" were induced with saw cut at the beginning
of damage tolerance testing. The locations were selected on the basis of
damage tolerance analysis and the accessibility for crack growth
monitoring. At 25% lifetime of damage tolerance testing, the .05" induced
flaw was increased to .10" for an additional 45% of a lifetime testing,no
significant crack growth data was recorded. This same flaw was increased to
.175" and testing for another 30% of a lifetime. At the completion of one
lifetime damage tolerance testing, no crack growth was found. Follow on
residual strength testing was performed to 100% limit load. The
empennage/fuselage design satisfied the durability and damage tolerance
requirements for the revised spectrum (ref 6).

(2) Engine Thrust Fitting (Engine Support Structure)

This test consisted of flight-by-flight radomized spectrum loading for
two lifetime durability and one lifetime damage tolerance testing. Five
flawed locations on the test specimen were imposed after two lifetime
durability testing. Because of very small measured crack growth at 25%
lifetime, the three .05" flaws were increased to .100" and monitored to the
end of damage-tolerance testing. The inspection noted very small crack
growth in any of the induced flaw locations. The design met the durability
and damage tolerance design requirements with the application of the
revised spectrum (ref 7).

(3) Wing/Fuselage Attachment/Main Landing Gear Support Structure

The test article was a structually complete fuselage from FS 252 to FS
282 and wing from RWS 117 to LWS 117; including the landing gear backup
structure. The wing leading edge, wing trailing edge, aileron and flap
were not included. The wing hand forged frames at FS 252 and FS 282 were
machined to the die forged dimensions. The test fuselage structure was
supported by steel bulkheads at FS 210 and FS 298 in the fixture areas of
the fuselage. The test area included two main frames (FS 252 and FS 282),
landing gear ribs and pertinent stabilizing structure main members of the
fuselage structure between FS 252 and FS 282.
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The test article was planned to be subjected to three lifetimes of
testing (two lifetime durability and one lifetime damage tolerance). The
loading spectrum of 1000 hours each would be repeated 56.5 times. Fourteen
marker band sequences of 250 hours would be applied at the end of each2by
lifetime interval. The load spectrum consisted of 1263 unique flight
loading conditions and 20 landing load conditions truncated to exclude
conditions from one g to and including 2.2 5g. The testing was started on 31
May 85. On 29 Jun 85, at 11.58% of the first lifetime, the specimen was
undergoing the application of 5.75g condition, the test shut down
automatically. A visual inspection revealed a crack in the right hand
front spar frame 252 in the nacelle outboard wall portion.

This failure investigation was jointly conducted by the Fairchild '>
Republic Company and an Air Force Structures Review Team. The main tasks
of the failure investigation included the examination of fracture surfaces
of the failure area, NDI inspection of fastener holes on left side of 252
and 282 frames, verification of stress analysis with strain survey, S
verification of the da/dN data by coupon tests fLom the test article. A
minimum initial repair was accomplished in order to complete a 3g detail
strain survey. Additional fracture analysis for multiple hole
configurations were performed as well as an indepth review of the finite
element stress model.

The additional strain survey revealed that the stresses at the failure
location were higher than predicted. The review of the stress analysis and
internal load finite element model revealed an error. This error caused an
unconservative calculation in the percentage of wing root moment
distributed to the nacelle wall portion of the frame. As a result, the
local region of the nacelle wall, including the outboard flange was under
designed. To correct the deficiency, the 252 frame in the nacelle area was
beefed up in cross sectional area. The new frame was incorporated in the
durability test article and the first production aircraft (P-1).

The front spar frame 252 of the PDV test article was repaired and
testing was resumed later. As the test progressed, several events occurred
; fastener head cracking, front spar cracking and WS 78 upper wing skin
cracking. Each .event was analyzed for an appropriate action to be
incorporated in the durability test article and production articles. Larger
size fasteners were installed in the durability and production articles.
Revised chem mill skin thickness and increased local frame flange thickness
on both front and rear spar of production articles were also determined.

At 103% lifetime the front spar at WS 96 R/H lower surface cracked and
was repaired with internal steel straps. The test was resumed. No major
events occurred until 186% lifetime when the L/H side frame 282 at WS 63
stub wing cracked in the lower cap and vertical web.

The failure was again jointly investigated by the Fairchild Republic
Company and an Air Force Structures Review Team. The failure investigation
included the evaluation of test loads, stress analysis, fracture analyses,
materials evaluation, fractographic and metallurgical examinations.

In the previous analysis, both 7175-T73652 hand and die forging crack
growth rate in the low bK regions were estimated with a very limited test
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data. To eliminate the uncertainty, coupon specimens for hand forging
machined from the test article and die forging machined from disposed part
were tested to generate da/dN in the lowzeK regions. The results showed die
forging had a lower threshold stress intensity factor AKt(-4.5 KSI14iii) and
slight higher da/dN. S

Additional coupon spectrum testing of the 7175-T73652 die forgings were
also performed. The results indicated that the existing rear spar required
a design change or modification to cold work holes to ensure adequate
durability structural integrity. The design change for the production
articles proposed three options; cold work holes, cold work holes with
steel strap reinforcement, or increased flange thickness to reduce stress
levels.

In accordance with the test plan,one lifetime of damage tolerance
testing was planned to be conducted after the completion of two lifetimes
of durability testing on this specimefr. Testing was terminated because
additional Lepairs would r-sult in an unreF# aCitve--,test article. S
Subsequent to the test termination a detail teardown inspection was
accomplished but no additional cracks were found.

V. Full Scale Durability Testing

A complete full scale a'irframe was planned to be tested for two
lifetimes of flight-by-flight spectrum. The test article was the fourth
complete airframe constructed and was representative of the production
aircraft. The test article had the redesigned die forging frame at FS252.
As much as schedule allowed, structural modifications identified by the
pre-production design verification tests were incorporated on the full
scale article.

Full scale durability testing was started on 22 Jul 86 and one lifetime
was complected on 21 Jan 87. At 25% of the first lifetime, additional
strain gages were installed in the FS 252 and 282 armpit areas and the left
rear wing spar lower cap. This generated detail stress distribution for
correlation with the wing/fuselage PDV tests and for comparison with the
applied front and rear spars load distribution. Because of the failure of
the PDV test article at 1.86 lifetimes, selected fastener holes of the full
scale article were inspected with low frequency eddy current techniques in
addition to the regular inspection program specified in the full scale
durability test plan at every 25% lifetime interval.

During the first lifetime schedule inspection, some broken fasteners, a
damaged outboard wing rib (at WS 201 due to cylinder overload), a failed
wing rib at wing station 63.5, and two upper wing skin cracks about 2" long
were found. The inspection at 100% of one lifetime revealed no cracks in
the front and rear spars.

The Air Force Structures Review Team recommended that selected fastenel
holes be cold worked, the upper wing skin be replaced, and redesign ribs be
installed at wing stations 63.5 and 80.0 for the second lifetime durability
testing. On 13 Mar 87,the T-46A program was concluded. The second lifetime
testing was not started.
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VI. Lessons Learned

Although some of the design changes and recommendations couldn't De
implemented, several important lessons learned deserve to be mentioned.
These should be very useful for planning future structural integrity
programs.

a. Design Spectrum

The design spectrum should be defined as early as possible. The
importance of the mission profiles should be emphasized to the using
command so that they are aware of the impact that changes will have on the
structural design and possibly performance. Once the prelminary design has
been completed, a change in the design spectrum requires a complete
assessment of design development and verification test programs. Design
changes should be incorporated on all full scale test articles.

b. Materials Selection/Geometric Configuration

Materials types or forms used for the development test article should
be the same as those used in the production article. If substitution is
required due to the schedule constraint, an assessment should be performed
to determine the impact on structural integrity. In any event, the same
geometrical configuration should be maintained. This also avoids duplicate
efforts on stress analysis, test interpretation, drawings identification
and manufacturing tooling.

c. Crack Growth Data

Basic facture data utilized in the design analysis should be obtained
from existing sources or developed as part of the contract. Data not
available from the existing sources should be generated in the early stage
of the development test program. Specifically, crack growth data for the
lowAK region should be generated for the proposed materials (types, forms,
etc). Estimations of crack growth rate for this region should be exercised
with care.

d. Finite Element Model

The early failure of the wing/fuselage attachment pre-production design
verification test article led to an extensive and time consuming review of
the finite element model. This effort concluded that inappropriate
stiffness assumptions were made in the vertical nacelle flange areas and
the resulting stress values were underestimated. Analysis indicated that a
portion of the frame required redesign. This redesign adversely affected
the original full scale engineering development program. It was concluded
that a special effort to review the finite element model should be
completed before the release of final engineering drawings. A detailed
review of the model with the aid of computer grsphic capability should be
employed. The review should include verification of the modeling philosophy
and accuracy. The engineering drawings should be compared with the model.
The model load condition distribution and the boundary condition
assumptions should Lz ihe-ked. The defleotinn PnA stresn distribution
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thoroughly checked to insure proper load distribution. The finite element
model should be continuously updated to reflect the current structural
configuration.

e. Crack Growth Methodology Verification

Crack growth analysis methodology should be verified with the coupon
test program. The test stress levels should be similar to the design
stress levels in the airframe structure. Due to the spectrum sensitivity,
any spectrum change should be verified with the coupon test program. Any
modification or design chinges resulting from a spectrum change should be
included in the test articles and production articles as soon as practical.

f. Test Schedule

The purpose of development tests are to uncover any possible design
deficiency, and generate test information to be applied to the full scale
and production articles. The schedule should be conservative with
appropriate recognition of test down time for repairs and inspections. The
overall test planning should allow completion of the development testing
and tear down inspection to permit incorporation of changes into the full
scale test article. Any unrealistic schedule will affect the overall
program schedule.

VII. Conclusion

The T-46A Durability and Damage Tolerance Program was established under
the T-46A Structural Integrity Program to ensure that engineering
development would result in an airframe that satisfied the durability and
damage tolerance requirements specified in the Air Vehicle Specification.
Ample information was generated from the engineering design, analysis and
development test program which were incorporated in the full scale
durability test and production article. Several important lessons learned
are discussed. Incorporation of the lessons learned discussed above for
future programs will significantly reduce durability and damage tolerance
technical risk.
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General Electric Company

Lynn, Mass

ABSTRACT

The critical nature of the TF34-100 engine to the
Air Force's A-10"Close Air Support weapon system
made it important to obtain the best possible
visibility of the engine's future structural
maintenance needs and component life limits.
Accordingly, an in-depth structural durability and
damage tolerance assessment was performed on this
engine by a joint Air Force/General Electric team. Figure I - TF34-100 Engine

Results of the assessment team's unprecedented The TF34-100 assessment was conducted over a period
analysis e91101 3 culminated in a comprehensive of 18 months by a joint Air Force/Contractor team.
Structural Maintenance Plan that identified both The primary objectives of the Durability and Damage
current and future maintenance actions necessary for Tolerance Assessment were to refine and update the
insuring maximum flight safety. The plan entailed
component inspection and replacement intervals, part replacement times and define the inspection

inspection systems, preferred modifications/reworks, requirements necessary to insure structural
integrity throughout the anticipated service life.and a life growth plan or extending the useful life This included identification of the specific

of the TF3lf-1O0 upwards to 8000 A-IO mission hours, components and locations for inspection, type of
This paper details the nature and extent of effort inspection (e.g., visual, fluorescent penetrant
Thisrpaper detailsucteg ntue an emnt ofrefrt inspection (FPI), eddy current, etc.), estimated
undertaken in conducting the 18 month structural costs of inspections, and the logistics impacts.
a ssessment. Also, economical modifications and/or repair options

INTRODUCTION for components exhibiting low or marginal durability
limits were established. This included
investigating the technical feasibility of the

The TF34-100, Figure 1, was among several options, estimating the probable costs and

engines/airframes recommended for Durability and determining the post modification/repair life limits
Damage Tolerance Assessments (DADTA) by the Air and inspection requirements.
Force Scientific Advisory Board in 1976. Air Force 0
philosophy has moved towards conducting DADTA on The life limits, safety inspection requirements,
aircraft engines as it did on airframe structures in modification/repair options, and post repair
the 1970-1978 time period. An Engine Structural inspection requirements were integrated into an

Integrity Program (ENSIP) specification has been overall structural maintenance plan for the engine.

developed between USAF and industry to cover the Sensitivity studies were performed to determine the
structural requirements for future engine designs. effects on component life limits and inspection
Figure 2 summarizes the airframes and engiies which intervals of different environmental/operational
have received similar assessments over the past factors including partial cycle sequencing, flaw
decade. Also presented is a companion summary of size variation, retardation, inert atmosphere, and
aircraft and propulsion systems which have been analytical models/algorithms.
designed employing a damage tolerance concept.

Presented at the international Gas Turbine Conference and Exhibit
Ousseldoif West Germany -June 8-12. 1986
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The structural assessment was comprised of eight TECHNICAL APPROACH

major tasks. The technical approach followed and -
the inter-relationship of these eight tasks is shown -- ' I I :I ,-

in Figure 3. The folioAing paragraphs provide a. .---- 0=

discussion of the efforts related to each of these
casks. " "

EOTION OF *50)1M? F7W
- DAMETOLIRANICEMASESSMENTS ,,. ~

_ IHI

AIRCRAFT C= ? W~f 84r

r ----- =......== "=

r----------•-,

---------------------------------------- Figure 3 - DADTA Techn4-nl Approach
ENGINES

o Establishment of FRACTURE or DURABILITY
[VOWTIOIOFASlPIENS CRITICAL classification on a part-by-part basis.

DAMMETOLERANCEDE$1NS o Evaluation of efforts underway or completed

I . ,,....... . .... ,., ,,, .,* ,, ,. which address particular problem areas.

. - o Conducting initial fracturd screening for
. .. critical areas of the FRACTURE CRITICAL components.

AIRCRAFT o Establishment of additional work (action)

required by the DADTA team.

Criteria

ENGINES _____,,o' A FRACTURE CRITICAL part is defined as a part which,

if it failed, would likely jeopardize flight safety
S-------- .: ,, ......... through single or progressive part failures.

,m., c::::" A DURABILITY CRITICAL part is defined as a part

whose failure could result in a significant

maintenance burden but would not likely result in a

flight safety problem. Engine experience was a
primary consideration when judging part

Figure 2 - Damage Tolerance Assessments/Design4 classification.

TASK I IDENTIFICATION OF CRITICAL AREAS An in-depth review was undertaken of all major
rotating components, pressure casings, frames, and

introduction mount load structures. The engine external controls
and accessories were also evaluated for structural

The urpse f tis tsk as wo-oldadequacy. All components containing internalThe purpose of this task was two-fold; pressure were scrutinized and preliminary fracture
1analyses performed. Leak before burst assessments
.) To review the various ngne components and and failure mode and effect analyses were conducted.

classify them as either FRACTURE CRITICAL or Based on the culmination of engine experience and
DURABILITY CRITICAL based upon the potential analysis the external accessories were classified as
consequence of failure. DURABILITY CRITICAL.

2) To define the natire and extent of additional
work reouired in the subsequent tasks. Crack experience on static structures and related

Component Improvement Program (CIP) tasks were
A detailed, disciplined approach was utilized in reviewed to ensure that potential problems were
accomplishing this task and included the following being addressed. This information, in conjunction
key elements: with the aforementioned data summaries served to

guide the team in establishing the nature and extent
o Review of existing stress, heat transfer and of effort required as part of the assessment.

life analyses (including materials data), as well as
the life management plan for the individual In total, one hundred seventeen (117) components

components. were reviewed or screened, forty-one (I) of which
were classified as FRACTURE CRITICAL, and fifty-

e eviewe of eachcmper nent. feseven (57) were designated as requiring additional
r o manalyses. A summary by assembly.'area follows:
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Figure 4 - Task I Summary Sheet for the Fan Disk E

rOTDLSTION57

Othe roatin ostaic prtsnot n te FACTUE Aprmeha isitmetoogy Updatising relisting Loeatcl

Slspi' gL e , RTS ssfeUa DUNRABLSIS transfer analyses, refinement of stress models,
C 0RITPIC RE.IEWED C0TICAL CCNUCTED updating materials data, and developing

representative A-do mision profiles were undertaken
Fgr otor S She as part of the assessment team's activities.
:osu resor uot se. i t t 7
ract Presreeni T srumn Rotors '3 o0 *an g
Low Pressure Turbne .otor h '3 t o
&Ct17l SCtuActue 29 0 0 TASK II - STRESS ENVIRONMENT SPECTRA W
Control. nd ts/or to 5 -- 3 b a

Introduction

Other rotatin or static parts not on the FRACTURE A prerequisite to establishing realistic Low Cycle

CRITICAL list, as well as functional parts including Fatigue (LCF) lives and safety inspection intervals

Theals, springs, etc. were classified as DURABILITY was the determination of an accurate stress
CRITICAL. -spectrum. Essential ingredients to the overall

streas spectrum development were the misston usage,

Figure is a typical Su mary Sheet compiled for engine thermal development, vibratory stress

each part. As shown,AL a entinfanas so and detailed stress analyses. Pertinent
summarized for use in subsequ ent tasks, da the e ire nts are provided in the

Fracture screening summary sheets containing srorderin sIns.
estimatcd critical crack sizes for high stress areas Mission Usage pte
were also developed. This screening served to-.17 o ew v A)

identify partslocations especially sensitive to A substantial operational data base was available

small defects thus uiding the selection of for use in formulating the usage spectrum. The
candidate parts for review in the hardware quality technical approach employed was unprecedented and%'',t
review undertaken in Taak III. used measured engine time history data for ,

developing the usage profiles. The mission analysis - .
The primary objectises of Task I were satisfied with efforts resulted in the definition of eight
the classification of ccaponents as either FRACTURE operational profiles, a scheduled maintenance cycle

or DURABILITY CRITICAL and definition of analysis and associated ission mix.

effort required for each component.

Approximately thirteen percent of the aircraft in
A complete reanalysis of the entire eng'.' was the A-IO fleet are equipped with MXU-533 tape
dictated, with two separate and distinct ntalyses recorders. In addition to recording time histories
required for the compressor and LPT rotor_ due to of normal airframe parameters, those installed after
toe existence of two different field configurations. 1976 recorded engine Power Lever Angle (PLA) 9
the reanalyses not only encompassed the traditio'al activity. The PLA time history was of priae

LCF but included the introduction of a fracture interest however airspeed and altitude infornation
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were also processed and used in defining engine engines at each base and used for every type I and

operating characteristics. A sample flight time III cycle. Values of speeds for partial PLA

history is shown in Figure 5. settings were also developed from the performance
deck values.

The length of time (dwell) spent at the cycle peak,
I " ,\,. . v-r~ (.valley, and throughout the excursion was determined

by examining the PLA time history plots of all
flights. Although there was a large
flight-to-flight variation in PLA activity and dwell

AI ,4* / itimes, typical profiles could be discerned. Typical
profiles from each base/mission type were selected
and the dwell times extracted graphically.

Each cycle type was subdivided according to when the
acceleration/deceleration dwells occurred. The

FLA proportion of the three cycle subtypes were also
determined. The dwell times were averaged for each
base/mission type. The resulting eight mission

-l.C..---I profiles were created by taking the previously
determined cycle counts, dwell times, and subtype

Figure 5 -Sample Time History proportionalities and placing them in a quasi-randomsequence similar to the flight profiles from which
A computer routine Was Used in segregating the PLA they were statistically derived. A typical profile

is shown in Figure 7. As with the dwell time
activity into cycles of defined bands of extremities determination, examination of many computer
(peaks and valleys). The bands were set at 100 PLA generated profiles allowed graphic determination of
intervals from idle (200) to maximum PLA (1000) in realistic sequencing; including proper placement of
order to allow for grouping of common cycle types. inactive (cruise) time. A sensitivity study 0
After examination of time history plots of many treating cycle sequencing was conducted in Task V
flights, three types of cycles dominated the " c
operation. These types, when the bands fpr the
peaks and valley were defined, encompassed
essentially all cycles of significant range. Figure
6 illustrates these partial cycle types. The 00 to
1000 to 00 PLA, (zero-max-zero or "LCF" cycle) was
treated in addition to the three types shown.

4

A B C - -

FLA~ i Figure 7 -Bentwaters RAFB Navigation Mission

* Mission Mix

Seven predominant types of missions were identified
in the A-10 application.

Figure 6 -Cycle Definition

o Basic Flight Maneuvers (BFM)
The output of cycle counts and flight lengths were o Conversion (CV)
stored in a computer databank. A databank o Ground Attack (GA)
manipulation program grouped the counts by cycle o Ground Attack Tactics (GAT)
type and determined the average number of o Navigation (NAV)
occurrences of each cycle type per flight for each o Surface Attack (Sk)
Mission type. o Surface Attack Tactics (SAT)

An engine rotational speed-PLA relationship was The percent of total operation of each mission type
needed for input to the life analysis program and (the mission mix) was derived from the A-10
was obtained from a statistical treatment of the Operation Usage Program Quarterly Report. The mix
performance deck values for various airspeeds and was based on 185,000 hours of logged flying;
altitudes. The tapes were interrogated to determine essentially all A-10 operation to that date. It was
the percentage of time spent in each determined through discussions with Tactical Air
airspeed/altitude corridor when the PLA wgas St Command (TAC) operations personnel that past A-10
maximum (90-100 ) and Idle (10-20 ) settings. operation was representative of planned future

activity. The tabulated mix was consolidated into
The fan and core speeds associated with these the eight missions plus a maintenance cycle as shown
airspeed/altitude corridors were tabulated and in Figure 8.
histograms of the maximume values encountered in each
flight were developed for each base. A weighted Data on engine operation for scheduled maintenance,
maximum value was derived based on the number of consisting primarily of trim and gun gas wishing wIs
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obtained from maintenance personnel at several The vibratory stresses were included in the safety

bases. An unscheduled maintenance cycle was also limit calculation by allowing the aL- .,d initial

defined through discussions with field defect to grow until it reached a point where the
representatives. vibratory AKEFF exceeded the threshold& K for the

material. The rationale for truncating the safety

limit at this point stems from the high rate of
Ilow /F1 11 CyI./vFfihl III .tIoIl cycle accumulation and corresponding growth that

WUA EFH TOT I I I n I? would be expected to ensue during resonance
BENTWATEAS -" 45% response.

3154 1.42 1.47 0 I Is 9
GAT 1.78 2.23 14 Is I 9% For all cases the steady stress corresponding to the
NAy 1.72 2.0 1 14 17 speed(s) where vibratory response occurred were used

SAT 1.70 2.15 Is 13 ii 1% for performing the crack growth analyses.

1.07 2.13 9.4 13.3 11.? to% Adequate margins of safety existed for all airfoils

MYRTLE 3EACH 26% during normal engine operation. In addition, the

BFM 1.42 1.87 Is Is 12% two fracture critical blades showed ample residual
GAT 1.71 2.13 14 II 0 0% life for all operating conditions where vibratory S
NAV 1.7S 2.20 1 12 17 17% stresses were considered.
GA 1.62 2.07 9 14 a 27%

SAT 1.70 2.19 I Ii 12 36%

." 2.11 9.1 13.1 11.4 1440%

DAVIS MONTHAN 29%

SAT 1.72 .17 6 20 It 36%
CV 1.62 2.07 14 17 to 34%
SA 1.72 2.17 12 19 Is 28%

L." 2.13 14.2 18.6 10.4 In%

MAINTENANCE CYCLE1 I

, 4 - - MTMPERATURE

N AIR TEMPERATURE

Figure 8 -Mission Analysis Summary N,

Mission/Base Integration :,, m=

Low Cycle Fatigue (LCF) and crack growth analyses
were conducted separately for all nine profiles.
These results were mathematically combined based on Figure 9 - Temperature Data Acquisition for Low

the mission mix and the percentage of engines Pressure Turbine

residing at each base.
Stress Analyses

Temperature Development
Stress spectrums were derived for fracture and

Component temperatures required in support of the durability critical turbomachinery and static
stress and life analyses were generated using the cases/mount structures. A simplified stress cycle
Transient Heat Transfer (THT) analysis model, was defined and utilized in the control and
Measured engine and core thermocouple data provided accessory crack growth analyses.
the empirical base for calibrating the mathematical
model. A revised aircraft maneuver load spectrum,

officially denoted Spectrum 3, was incorporated into
The THT models for the different rotors were the analysis. The translation of maneuver load
continuously updated/refined 3s new data became Spectrums into mount loads was accomplished through
available. Figure 9 shows the locations of measured the application of a Mount Load computer program.
data employed in the update for the LPT rotor. Operating stresses in the forward and rear
Similar data was available for the HPT and two mount/load paths were obtained using a combination
compressor rotors. Little measured thermocouple of empirical and analytical factors. For locations
data existed for the combustor frame and HPT casing, where measured data was available, empirical
As such, an instrumentation plan was defined and load-to-stress relationships were developed. These
incorporated into the CIP program. ratios, in conjunction with the load spectrum data

and applicable analytical stress equations, served
Vibratory Stress Review/Safety Limit Analysis to define the stress spectrum for the primary areas

of interest.
A review of both predicted and measured vibratory
stress data was conducted for all fan, compressor, With the exception of the fan rotor assembly,
and turbine airfoils. Particular attention was paid nominal stress determination for the turbomachinery
to the fracture critical components (fan and stage 1 was accomplished using a shell analysis program.
compressor blades). The results were directly Nominal and concentrated stress values for the fan
employed in determining the vibratory margins and disk, blade, pin, and shaft were arrived at through ]
threshold creck sizes which could be tolerated a series of finite element models.
without risk of failure. Stress levels utilized in
conducting the life assessments were derived based Thermal and mechanical nominal stress values were
upon normal engine operation, obtained at numerous points along the burst and chop
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profiles. Rotor speeds, bolt loads, cavity As previously discussed extensive use was made of

pressures, and blade loadings were varied as a finite element analysis in defini. ...e stresses and

function of operating conditions in order to gradients for use in Task IV. An accurate

simulate the appropriate boundary conditions, determination of the stress state is fundamental to

Surface constraints between adjacent structures were assessing a component's life (LCF or crack growtn).

modified to account for the relative growth This underlaying hypothesis provided toe basis for
experienced at different points in the transients, conducting the many and varied analysei. However,

it was recognized that even with the aid of

Stress concentration factors and gradients for significantly improved pre and post processors, 3-D
representative geometric details were arrived at analyses continued to be a luxury. Therefore, every
through a combination of handbook, 2-D and 3-D effort was made to curtail the extent of 3-D work in
finite element analyses. Displacement or stress an effort to allow sufficient resources for
fields as extracted from the axisymmetric finite completing more rigorous analyses on a larger group
element or shell analyses served as the boundary of components/geometries. To supplement the
conditions for the localized 2-D and 3-D models, analysis work for selected locations, verification
Once defined, Kts were treated as invariant activities were defined and initiated for certain
quantities, independent of the thermal/mechanical high stress areas and included the following:
make-up of the nominal stresses. m 3-D Photoelastic test of LPT Stage 3-4 flange
The HPT rotor analyses serves as an example of the geometry. Initiated to empirically define the
nature and complexity of the various analyses synergistic effect of two mutually exclusive stress
undertaken. A 2-D axisymmetric finite element risers; scallop and airslot. The test model was
analysis of the entire rotor assembly was performed. also designed to provide Kts for a variety of
The results supplemented the nominal shell analyses possible flange scallop/airslot reworks.
through definition of fillet Kts, gradients, and
boundary conditions for use in refined Kt models of o Strain gage testing of the LPT Stage 4 disk.
boltholes and dovetails. In an effort to better Initiated to provide an alternate source of

define the Kts and stress gradients for certain verification for the combined effect of the scallop
critical features, various 2-D and 3-D analyses were and airslot.
conducted. The stage 1 aft cooling plate and the
inner bolthole region of the stage 2 disk were o Construction of a 3-D finite element nodel

analyzed in 3-D. These analyses were undertaken in for a "representative" compressor loading slot. The
lieu of the simplified 2-D analyses due either to model was developed during the course of the
geometry complexity (cooling plate) or non-uniform assessment; however, other priorities prohibited
loading (bolthole) making concentrated stress completion of the stress analysis. A residual task
determination difficult. Boundary conditions for was defined and presented for follow-on completion. _
these models were derived from the axisymmetric
analysis. A 2-D analysis was employed in defining o Identification of the fan drive shaft for
dovetail Kts and stress gradients. Figure 10 follow-on analytical and empirical stress
depicts some of the HPT models employed. environment determinatio. An Engineering Program

aimed at refining the stress spectrum was defined.

%a d TASK III - QUALITY ASSESSMENT

The intent of this task was to establish a realistic

flaw, defect, or fatigue crack size which would be
utilized in subsequent tasks to establish Safety
Inspection Intervals (SII's). The DADTA efforts
were aimed at estaOlishing realistic inspection
intervals such that if a flaw of a barely
non-detectable size was present in the worst 0
location it would not have sufficient time to p

propagate to failure between inspections. Part
replacement was still based on the conventional LCF

or durability limit.

Efforts in this task concentrated on two separate
areas:

A a. Initial Quality Assessment . . quality of

the individual components as they left the factory.

b. Recurring Quality Assessment . . . defect
detection capability as the components proceed
through Depot inspection.

In the initial quality area the goals of this task
were basically two-fold: (1) to establish for eact
critical location, the maximum flaw (defect) size

Figure 10 - HPT Finite Element Models which could go undetected as the part passes through

production inspection, and (2) to assess the
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likelihood 'hat a flaw of a specf_- type, size, Verif1-tion tlting vas initiated for several
shape, location, and orientation exists in the critical components. Testing was conducted through
material. For the recurring quality aspect, the amplification of the on-going cyclic endurance
intent was to ascertain the maximum flaw size Whirligig (atmospheric spin pit) programs.
possible to escape detection as the part passes Extensive use was made of the Contractor's LCF and
through Depot inspections, crack growth analysis programs.

Refinements/improvements to these codes and
The approach taken was to review available Non procedures were incorporated as needed during the
Destructive Inspection (NDI) reliability and course of the assessment. The nature and extent of
capability data for the appropriate environments, analysis activities for individual components were
i.e., laboratory, production, field and/or depot. determined based upon classification category
The inspection methods of interest included (Fracture or Durability Critical). Fatigue and
ultrasonic, eddy current (EC), Fluorescent Penetrant fracture analyses were conducted on all fracture
Inspection (FPI), magnetic particle and visual. In critical components. Limited fracture studies
order to review the initial hardware quplity, undertaken in support of Task VI efforts

representative components from the major rotating supplemented fatigue analyses for durability
assemblies were selected for extensive review of critical components.
their respective evolution cycles. Process and
engineering drawings, manufacturing methods, Component Durability and Safety Limits S
in-process inspections, quality controls on critical
characteristics, and vendor NDI/NDE inspection Residual life analyses complemented LCF updates for
results were reviewed. Finally, an assessment of the majority of components considered by the
the Depot's inspection capability was undertaken by Assessment Team. Selection of specific component
team members with the assistance of NDI advisors locations was accomplished using the stress analysis
from industry and government, results obtained in Task II. Revisions to the

baseline list were made as results for selected
In general, the quality of TF34 hardware was geometric features revealed possible defect
assessed to be good. The key to establishing sensitivity in other areas. In total, over 287
consistently good initial quality was to develop a analyses inclusive of LCF and crack growth were
sound process control system, qualify it and conducted on the turbomachinery (fan, compressor,
essentially "freeze" the process allowing deviation high and low pressure turbines) components.
only with expressed approval after an extensive
review. The key to maintaining quality control was Consistent with the established Contractor's
through periodic audits of inplant processes as well philosophy, part replacement limits were arrived at
as vendor operations to assure the qualified process through conventional LCF analyses. However, for
was being followed, certain critical comp?nents where the LCF life was

derived using generic material data, operation
Quantitatively the distribution of initial defects beyond the lower bound predictions was considered.
and the reliability of the inspection associated For these cases, a specific

2 
part materials program

with finding these defects in TF34 parts could not was identified for generating the data required to
be directly ascertained. The data required to make support the life extension. Continued operation
a quantitative assessment simply did not exist, beyond the lower bound limit was predicated on the
Consequently, judgment was utilized in selecting part receiving enhanced (eddy current) inspections
flaw sizes for use in the crack growth calculations, at prescribed intervals.
This judgment was consistent with previously
established precedence. In order to quantify the Consideration was also given to adopting a
maximum benefit attainable through the use of Retirement for Cause (RFC) approach to life
enhanced inspection systems, smaller flaw sizes than management for components exhibiting a reasonably
can realistically be found by FPI were selected for long crack growth life but less than desirable LCF
initial computations. capability. The distinction between life extension

and RFC hinges on whether the LCF life is
As to recurring quality, the team determined that an anticipated to be greater than the 8000 hour goal.
upgrading of the depot's FPI inspection facility, In the forme- case, a realistic projection based
while augmenting it with enhanced inspection systems upon life improvement noted in generic-to-specific
(eddy current, ultrasonics, etc), was necessary to part LCF comparisons would suggest that the "actual"
support the institution of the assessment team's life was upwards to 8000 hours. For RFC, the
Structural Maintenance Plan, developed under Task anticipated improvements in predicted LCF life with
VII. specific part data are not expected to reflect the

desired LCF capability. Thus, operating beyond this
established LCF limit was considered. A

TASK IV - LIFE LIMITS AND INSPECTION INTERVALS prerequisite to adopting RFC was the institution of
enhanced inspections.

Introduction

Life limits and inspection intervals for the
critical parts. identified in Task I were established
in Task IV. The results of Tasks II-II efforts 1 Generic: Comprised of multiple sources of LCF
served as the primary source of input to these life data compiled from various commercial and military
analyses. Development of Baseline Crack Growth engine components/forgings.
Material Data and Configured Specimen Residual Life
Testing were integral parts of Task IV activities. 2 Specific: LCF material data generated from unique

In addition, component empirical crack growth TF34-100 component forgings.
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Criteria for the size differences between material test bars

and actual component bore geometries. Residual life

As previously indicated, two related but separate analyses for the derived flaw sizes approached the S
criterion .Ire employed l~n setting structural 8000 hour life goal. As such no replacement

limits. The first, and conventionally recognized as intervals were driven by an embedded flaw criterion.

the component's replacement interval, is the
durability or LCF limit. Defined as "the point in Amplifications to this philosophy inclusive of life

time where it is more prudent to replace the part extension and RFC were treated on a case-by-case

than to continue in service" the LCF limit is basis. Task VI details the rationale for applying

traditionally associated with time to crack these approaches to specific components and lists

initiation. The second principle and normally the conditions under which adoption of such an

thought of as life remaining from a given crack size approach was practical.

to part dysfunction is the safety limit. Defined as

"the time beyond which the risk of part failure is LCF Life and Crack Growth Prediction Procedures

considered to be unacceptably high" the safety limit
is related to the time for a small crack like flaw Task II described the basic approach used in
to propagate to failure. As applied to the baseline developing the stress spectrums. A pagoda rainflow

assessment activities this life was used in cycle counting algorithm was used in extracting the

establishing the time between inspections and was an stress cycles from the nine individual missions.

adJjit Lo the dL-rability limit. Figure 11 Once compiled the stress cycles were modified for S
graphically depicts the criterion as discussed, differences in temperatures between the minimum and

maximum stress points and corrected, for use in the
LCF analyses, to a stress ratio of A-I using the

Durability Limit (LCF) Walker equivalent stress equation.(I) Minimum LCF

Dalmatia n That PoitInTim Whenit IIIISteTha life for each stress excursion was determined from a
itWlleMolPudetTOR45POflm log life interpolation between applicable

cmloie LI Limi trnoi The Tim To h*o A Ill5 i.
Coll*l pl APit OwoSC0of A11101111 temperature load or strain control pseudo

Action: Stapia or Insect o04 emal O mp- Toam stress/strain range curves. In cases where specific
part LCF data was unavailable, a "lower bound" limit
was developed from the generic data base. Once

H wFr..5M. established, the minimum life for each stress cycle_.

I Hilio within the mission was combined using Miner's Rule.
2

SMae** to arrive at a life for the entire mission.

Crack LCFLimit / _ u Life derivations for each of the nine missions were
$in k*PGI) (n F, Falltreated in a similar manner. A composite life,

derived through a weighted mix of all missions for

each base was developed.

Cycls Crack growth life for each critical geometric
feature were derived treating the same stress

spectrum developed for the LCF analyses. Since the

Safety Limit (OmDa Tolerane) local operating stresses in most life limiting areas
exceeded the yield strength, emphasis was placed on

0 Co T~m.yed WhhTo Be Umnea y High II obtaining the true stress gradients. Costs and

Corrlc vsAi@osAim NotTaken timing prohibited the extensive use of
cowsm: Pfel wo ForTheSW PII IIIIFRW elastic-plastic analyses to accurately predict local

In Any High stress Concentration (With WOrs
Oe1tf )ToGrowToCritieaSIe inelastic material response for the multitude of

Action: • in engine components. A simplified approximation using

the Neuber equation(
3
) was adopted to estimate the

real inelastic behavior of stress concentrations.
1ct IST 2NO Figure 12 depicts the results of an assessment ofaimk

con InPels fl In this simplified approximation.

10 It d(Tpial roll- - - - - - - 0

l30 - ELASTIC (lO-PLANE STRAIN)
-- ELASTIC -PLASTIC 12D-PLANE STRAIN)

OCycles 320 - ..."NEUBER PREDICTION

Figure 11 - Durability and Safety Limit Criterion 0 260

Embedded flaw residual life analyses were conducted 220
for every bore where a corresponding surface flaw 20o

analysis was performed. A probabilistic approach to IsO

issessing the intrinsic defect areas was adopted in ,0
setting the initial embedded flaw size. The _o_ _ _,0,

probabilistic analysis relies on the ability to .02 . 0 l 10 '2 1 is
statistically treat and translate the defect OISTANCE FROM HOLE SURFA E
distribution as determined through examination of
failed fatigue test specimens, to actual component Figure 12 - Comparative Analysis of Plastic Stress
hardware. Volume corrections are applied to account Correction Methods
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S
Stress intensity factor solutions for the majority represents a comparison between prelicted and
of flaws treated in the crack growth analyses were observed residual lives for the enr.ire test matrix.
developed using either influence function theory or As shown, nearly all results fail within a .2x
a weight function method to account for complicated scatter band. A tendency towards conservatism at
loading conditions. A specific stress intensity short life (high stress) and nonconservatism at long
solution for the fan blade pinhole lug was developed life (low stress) is apparent. These results
using information supplied by the Lockheed-Georgia reflect good correlation considering the extent of
Company under Air Force contract, analyses and tests conducted.

The type of flaw analyzed in each location was
determined by the geometry, stress condition,
manufacture technique, and available experience. In - ' : -
order to encompass improvements in detection level - . - -
through enhanced inspection systems (eddy current, :NCONEL 714
ultrasonic, laser mapping, etc) all crack growth 0 ORE
analyses were started from a crack depth of .005 00 DOVETAIL
inch. For locations where a .005 inch flaw caused 1 .. ..' ..... SCALLOP 5
the initial stress intensity to be below the R
material threshold, the crack growth analysis would U

be performed with a large enough flaw for Ti-aAL-4V

propagation to occur. Typically, surface flaws with 9 BORE

a 2:1 aspect ratio and corner flaws with a 1:1 3l ,03 _ BOLTHOLE
aspect ratio were used in the analyses. __,

In locations such as flange boltholes, where -. - } -

cracking of the small ligament associated with the .2 -
primary site did not cause failure, a crack growth ,s le 1o . _
analysis was performed on the secondary site using PREDICTEO CYCLES TO FAILURE
an initial 0.005 inch corner flaw. For disk bores
which are susceptible to an embedded flaw type of Figure 13 - Comparison of Predicted and Observed
defect, the initial flaw size was based on the Residual Lives for Configured Specimens
ultrasonic inspection capability. The embedded flaw
residual life calculations were also started with an
0.005 inch radius penny shaped flaw or the smallest Baseline Crack Growth Test Program J
size which would propagate under the DADTA defined
missions. An alternative approach using a fracture In an effort to accurately characterize the material
analysis back calculation of failed fatigue test response for the TF34-100 components an extensive
specimens was investigated. The results served to material crack growth test program was conducted.
define the initial flaw sizes present in the The test program focused on defining the cyclic
material based upon volume and operating stress crack growth behavior of the fracture critical
levels. Using this technique, a statistical component materials (Inconel 718, Ti 6-4 DSTA, Ti
estimate of the initial flaw distributions w8s 6-4 Annealed, and Ti 8-1-1). Variables within the
possible. The flaw sizes determined by this method test matrix included temperature, stress ratio, and
were used for residual life studies on selected tensile hold time Variable ranges were selected to
critical bores. cover engine operating conditions while providing

sufficient information for establishing an
Residual Life Methodology Verification/Development interpolative model. Table I summarizes the test

matrix for each of the different materials
A parallel comprehensive analytical and experimental characterized. Where appropriate, data from prior
residual life verification program was undertaken in crack growth testing of TF34-100 unique materials
support of the analysis performed by the assessment supplemented the results obtained from the baseline
team. The program entailed conducting a series of program. The surface flawed KR bar was selected as
analyses and laboratory testing on configured the specimen configuration for developing the
specimens. The nature and extent of work performed baseline da/dn vs L K curves.
included:

o Elastic-Plastic Analyses Crack Growth Data Reduction
o Neuber Analyses
o Crack Propagation Analyses The inferred crack depth versus accumulative cycle
" Cyclic Stress-Strain Curve Generation data were reduced to cyclic crack growth rate by the
o Crack Growth Testing (Nickel and Titanium) seven-point sliding polynomial technique recommended
o Metallurgraphic Examinations by ASTh. The stress intensity formulation consists

of an elliptical flaw contained in an infinite
solid, developed by Irwin, with appropriate

Configured specimens representing typical modifications for specimen geometric features. The
turbomachinery features (i.e., boltholes, rabbets, modified stress intensity solution in the crack
dovetails/scallops, bores) were employed In depth direction is given by:
verifying the analytical methodologies as they apply
to residual life assessments. KI -OF 1 F2 F3 F4./'&1

The primary conclusion reached from the Verification
efforts was that the residual life prediction where, Fl, F2, F3 and F4 are correction factors
methodology is a viable approach. Figure 13 which account for front surface, back surface, loss
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Table I Continuously Cycled Crack Growth Rate In order to utilize the test results, a procedure

vs Stress intensity Data was developed to handle the time depend',-nt effects.
A cross plot of' the residual life reau,.,ion factor
vs tensile hold time, on alog-log scale resulted in

STRESS RATIO. A5  a linear relationship being obtained. This

- - - -. -relationship was employed in estailshing a
TEM4PERATURE. *F 2.0 1.0 .11 .51 .1 functional reduction factor for different hold times

- and temperatures. The resulting factor Was

~ ('51indirectly applied to the residual life via a0T (00) modification to the vertical tranelation
1> coefficient, 8, in the sigmoidal equation. This

a approach provided a simplified means of accounting
300. , ( for hold time effects. Further work is considered

___________0__ al Ij-.. necessary to qualitatively and quantitatively

450 &5 It4 determine the limitations of such an approach.

600, 0

& a

1000.

411

INCONEL ?I$ - COARSE GRAIN to-',

(3 rI - ANNEALED

umIber Witinf symls Ildicetes the cluentity 0f S,,ien. tested.
a t

of load bearing area, and plastic zone. *
represents the elliptical integral. I'

The sigmoidal equation Was utilized for fitting aU
functional relationship to the da/dn vs AK data. 

-113

The form of the equation is presented below:KC 
S

da B aK p QK D 10-6 1- I 6 a1 t 0 50 6080 100 20 I
EK I AK- (/\I ]. EQUIVALENT STRESS INEST.AKE., S -

A KO an A c reresnt he tresoldandFigure 14 - Cyclic Crack Growth Rate versus

AKandA~crepeset te tresoldandEquivalent Stress Intensity for Ti 6-41 DSTA
critical stress intensity ranges respectively, at Room Temperature
Stress ratio influences were treated using the
Walker equation. (4) Figure 14 contains a typical
sigmoidal curve fit to a set of corrected data.

Table 2 - Eold Time Crack Growth Pate vs Stress

Time Dependent Effects intensity Data

Crack gr~wth testing Inclusive of' a hold period at TENSILE HOLD TIME!
max tensile load was conducted to determine the time
dependent effects on Inconel 718. Testing was TEMPERATURE, -F to SEC 10. SEC
performed at various temperatures and hold times in______________________
order to establish the temperature-dwell time 60
dependency. Table 2 contains a summary of the60
nature and extent of test conditions considered. As

'd.a single hold time test was conducted on Ti 100
6-4 DSTA. The results revealed that hold time
effects at these conditions do not exist. As for 1
Inconel 718, time dependent effects were observed at 11001
all three temperature conditions. Varying degrees
of dependency ranging fro Insignificant to tenfold
were evident. At 1000

0 F, the reduction in residual -100, Ty

life was independent of starting crack size whereas
at 1100OF and 1200OF the starting crack size played

major role in the resulting reduction factor. The .- 4 .NONEL 'I5 COARSE CRAIN
NcoNEI'st FINE CRAIN

factor was shown to increase with increasing crack 2 S. OSTA

length. '.5, 11102 s, 'IDcl mdct. 5s. he A~nity of specimens1 tested
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Component Empirical Crack Growth Verification Partial Cycle Se_quenci n,

As an adjunct to the *yclic endurance whirligig A study aimed at determining the sensitivity of

testing for the major assemblies; Fan, Compressor, atress spectrum development to partial cycle (Type

High Pressure Turbine and Low Pressure Turbine, I, [I and III) sequencing was conducted. The study,

crack propagation data generation was initiated for prompted by the DADTA team's quasi-random ordering

several critical geometric features. The approach of partial cycles within a mission, consisted of
consisted of monitoring crack growth from either arbitrarily repositioning the cycles within a

cyclic induced (natural LCF) or fabrication (EDM baseline mission and performing stress and LCF life

notch) cracks in the selected geometric details as analyses. Three thermally sensitive components were

listed below: analyzed to both cycle sequences. A review of the

results revealed less than a 5% variation in

o Fan disk and blade pinhole predicted LCF life. Therefore, the original

o Compressor disk dovetails baseline miss.ons, as presented in Task II, were

o Compressor snaft and spool boltholes utilized for all stress and life analyses.
o HPT disk boltholes

o LPT disk and seal scallops and boltholes COMALL Validity Assessment

Results obtained on the fan disk and blade pinholes To establish confidence in the Complex Mission

reflected good agreement between the analysis and Analysis for LCF Life (COMALL) program a
empirical results. Post mortem analyses of the comprehensive comparative study was conducted. The
fracture surfaces were conducted for ascertaining study, structured to determine the accuracy of the
the crack front shape. This information was transient thermal stress calculation algorithm,
employed in back predicting the crack growth once a consisted of performing back-to-back stress/life

precise definition of the initial crack geometry was analyses. Discrete stress analyses were conducted

established, at selected time steps encompassing both sides of

the COMALL V predicted extremums. The dlscrete step

The test data generated from the Baseline program results, combined with appropriate material curves,

provided the necessary information for developing a pro. 'ded the basis for direct comparison to COMALL V
strong interpolative da/dn vs AK model. With the LCF life predictions. The assessment served to

exception of time dependent behavior, good agreement indicate that although exact agreement was not
was obtained between the empirically based model and obtained, sufficient accuracy was determined to
actual test results. The hold time data provided a exist to justify the use of the COMALL program for
unique situation relative to the treatment and the bulk of the stress/life analysis work.
application of the results. The most significant
conclusion reached after an exhaustive review of the Influence of Initial Flaw Size on Partial Cycle
hold time data was that every attempt should be made Damage

to keep the stress intensity of an inspectabe flaw

below threshold when operating above 1100
0
F. A study was undertaken to establish the sensitivity

Finally, the sigmoidal relationships as developed in of residual life partial cycle damage ratios (K
the Baseline program provided the material factors) to the assumed initial flaw size. The
foundation upon which all residual life analyses study concentrated on defining the relative damage

undertaken in Task IV were based, of the Type I, II and III cycles as a function of
the assumed Initial flaw size. The results of a
residual life analysis on the fan disk pinhole

TASK V - SENSITIVITY STUDIES revealed that a 10% difference in effective damage
(Type I, II and III cycles combined) occurred
between the two initial flaw sizes (.005" and .015")

Introduction considered.

While conducting the various analyses associated This difference is attributed to the effect of a
with Tasks II and IV a series if sensitivity studies threshold A K regime on crack growth for the smaller
were undertaken. These studies provided the K's of the partial cycles. As the initial flaw size
information necessary to ascertain the influence of is decreased the calculated AK's for the partial
different variables/analysis techniques on component cycles approach the threshold region and their
life. A summary of the specific topics and task(s) contribution to total crack growth becomes
which they support is listed below: proportionally less.

With the majority of initial inspection intervals

established from a 0.015"' defect, adoption of the
: s :, corresponding K factor was considered appropriate.

:y i. : ** For locations where either the initial or recurring

. . . flaw size is less than 0.015" the K factor, as
, .developed from the 0.015"1 case was employed. This

:rL. .n :L ,; ., "=, P, , :is conservative since the relative damage, KEFF, is
greater for the larger defect size.

-, Miner's Rule-Complex Cycle Residual Life Study

The potential error introduced by combining the
residual life capabilities of different partial

,: ,,. L ~ cycles using Miner's Rule was investigated. A study

comparing the simple cycle Miner's Rule summation
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crack growth life calculation to the complex Mission Table 4~ Influence of Inert Atmosphere on Embedded
approach (cycle-bY-cyle) revealed less than a four

percent difference betweeIn the two methods for the Flaw Crack Growth

fan disk pinhole. As expected ilner'sa Rule provided
slightly longer predicted lives. Both approaches
were therefore considered interchangeable provided t.*f

0"Ase s.a UI*10N5 *II h.,,,

care was exercised when performing analyses using -_

the simaple cycle technique to assure that the 6
partial cycle,6K Was above A K threshold. The 0WNs
majority of locations analyzed employed the more SIG *X*slF 0 n I

rigorous cycle-by-cycle approach. 1;161 ,A= ,sa

Crack Growth Retardation Study 0UH4 K a
I

In rde toobtin helife benefits/safety margins

possible through the considerstionl of retardation a Is no

series of residual life studies were conducted. The 1WtylV010So-A.

Willenborg model,(
5
) modified with an appropriate

empirical reaterial factor, was employed in the

retardation studies. Table 3 lists a summary of defect size of 1700 aq mile was selected for these

results obtained for selected critical components studies. Predicted improvements in residual life

As anticipated, minimal benefit was obtained for the range from less than L5% to greater than 530%

stage 2 and 3 dovetails, where the maximum stresses depending upon location and conditions treated.

from the partial and major cycles were nearly equal. Theae results were indirectly employed in the

The tabulated values represent composite residual development of the Task VI intervals and replacement

lives derived from a weighted average of individual times.

base-mission analyses. Sensitivity of Residual Life to Initial Flaw Shape

Although crack growth retardation is known to be petRio

dependent Upon Mission Cycle sequencing no effort At the outset of the assessment program initial flaw
was made to inter'relate the various missions prior goere eeetbihdbsdpiaiyuo
to conducting the analyses. Therefore, the numbers gaeomerienwee. estalisedurn ba cused oil upon

presnte wee tken o rpreentpossble"leelsassessment, interest was expressed in determining
of Improvement" gained through retardation. the relative influence of flaw geometry (aspect

Table 3 - Effects of Retardation for Critical ratio) on residual life. As such, a study aimed at

Compoentsdetermining the sensitivity of residual life to the
Compoentsinitial flaw geometry Was Initiated. Table 5
RESIDUAL LIFE5 presents the results from a study where two

MISSION .R'. (FROV .015' FLAW) different aspect ratios (2.1 and 3:1) were

LOCATION kASELI'4A RETARDATION 124CREASZ considered. As is apparent from the 3smnary a

OLD COMPRESSOR significant difference in residual life, upwards to

STG. 2 DOVETAIL IA25% can be expected for reasonably Possible
SIO. 3 DOVETAIL I.'variations in the initial defect geometry, The inure
ITO. 5 VOLTNOU . .. 3.
STG. #sSCALLOP .0 .200.3 conlservaitivJe value of 2:1 Was selected for use on

4tv OMPRSSORall baseline crack growth analyses.

Sra. 14 LOAD SLOT 1.0 .6 38.1
STG. 24 5015 155570 1.3 '.4 34.7

lip-TTable 5 - Dependency of Residual Life on Initial

INNER TIC APP 9,1. .. 1344.1 Flaw Aspect Ratio
ITO. 2 DISK OUTER 5.14. .0.36 49.1
STO. 2 D ISK FWD PILLET 1.0 139 *0.3

STG, 3 SCALLOP 1.0 '.?37.1
2:1 ASPECT RATIO' 3 1 ASPECT RATIO'

NISIS. NIS.

LOCATION K.ff IIRS. Kalt NR. SDFTIC

Influence of Inert Atmosphere on Crack Growth U1 IFR
IAI DISK BORE 1.3400 3.0 1. t241 3.36 31.4
FANl DISK AFT WES 1.1864 1.0 1. 1600 1. 14.:

The baseline residual life analyses for embedded COMPRESSOR (OLD)
flaws were performed using da/dn data generated in SEG DOVETAIL 0. 404J .10 0.30891 I.Q I.
laboratory air environment. To assess the influence
of an inert environment on embedded flaw crack t_

growth, estimated curves were derived from the 374GE I BORE .314 . .20 3

baseline air data. The basis for the estimated I.PT

curves was a review of available inert and air sTAGE I BORE 269 .) 243 .7

environment da/dn curves for similar materials. -LIVES1 ARE COMPSIT0IES FR0073 .1530 1113 1 ND010" x .030' 0 11 IS3I42.L
FLAWS.

Table 4 contains the results of residual life
analyses conducted on disk bores of the ran,
compressor, and turbine assemblies. As shown,
results have been compiled for a variety of analyses
(baseline, retarded, inert, and Inert aretarded)
performed on the different locations. 4 reference 456
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TASK VI - MODIFICATION/REWORK OPTION STUDY development of the Force Structural Maintenance Plan
is presented below.

In an effort to extend the safe utilization of the o Life Assignment, Metoidolqgy,qri-ria

durability and fracture critical components to 8000 o Proposed Life Limits oni.3ae~t[&n Intervals

hours, various modification,'rework studies were o Inspection Requirements

undertaken. All parts were screened to determine o Progressive Life Gr-,wth Plan

the life limiting characteristics and possible o Structural Maintenance Plan Levelopment

resources for extending or enhancing the durability o Life Tracking System

and/or safety inspection limits. Different options
were considered and a preferred option selected Life Assignment Methodology/Criteria
based upon the following criteria. Life limits and inspection intervals for the

o Life cycle cost benefits fracture and durability critical components were

o Difficulty of introduction at depot facility established with the following guidelines.

o Potential enhancement and risk factor
Component replacement was based upon the

Methods for extending the useful service life of 18 conventional LCF life. Both generic strain

critical components upwards to 8000 hours were controlled and generic toad controlled LCF data were

defined and grouped into t.rce categories: rework, used .in establishing the life, the lower of which

life extension, and RFC. Reworks included bushing established the "lower bound" limit. Due to the

of pinholes, overstressing through cold working or nature of the data base this "lower bound" value was

overspeeding, and reduced stress concentration by considered a worst case minimum LCF life. In

increased radius of geometric discontinuities. situations where the "lower bound" limit reflected
less than desired life a specific part material

Component life extension through controlled program was identified. As an interim measure the

operation beyond the "lower bound" LCF life was generic load controlled results were used in "

recommended in situations where historical data for conjunction with the generic strain control limits
the particular material suggested that a significant to arrive at a recommended minimum LCF Life for ' 5

improvement in LCF life could be realized through field application. Therefore, continued operation
use of specific part data. A further prerequisite beyond the "lower bound" LCF limit was considered an

for adopting the life extension option was a interim measure while specific part data was

relatively long residual life capability for the generated. As discussed in Task TV embedded flaw
prescribed limiting location(s). The selection of residual lives using a probabilistic based initial
this approach to life management while working to defect size results in lives (1/10000) beyond the
develop specific part LCF data required institution 8000 hour goal. Therefore, all replacement

of enhanced depot inspections, intervals reflected LCF limits.

The RFC option was recommended for components where Fracture critical component safety inspection
the LCF life developed using specific part data was intervals were arrived at using the results from the
less than the desired 8000 hour goal. A residual life analyses previously discussed in Task
corresponding high crack growth capability was IV. The assigned interval was initially established
necessary prior to considering RFC a viable option. treating a 0.015" deep flaw. For locations where
As with life extension, incorporation of enhanced the assumption failed to provide a reasonable
inspections for the critical features was a inspection interval consistent with the majority of
prerequisite for implementing an RFC approach to components in the major assembly, an assumed initial
life management. flaw downwards to 0.005" in depth was considered.

An enhanced (eddy current) inspection requirement
TASK VII - FORCE STRUCTURAL MAINTENANCE PLAN was identified for any area where a small flaw

(< .015") assumption was employed in defining the
interval. Additionally, for critical areas where

Introduction visual detection of a 0.015" flaw was hindered due
to the geometric complexity of the feature or

This task served to integrate the results of Tasks compromised by high residual stress levels, an eddy
IV-VI into an overall maintenance plan for the current inspection was established,
TF34-I10. Contained within tne plan is the specific
scheduled maintenance requirements inclusive of In defining the recommended safety and durability
component inspection and replacement intervals, limits, consideration was given tc all aspects of
Where appropriate a progressive program was defined the analytical and empirical base upon which they
to reflect anticipated revisions to the plan. These were derived. Particularly, results from the
revisions are expected as results from sensitivity studies, factory and field experience,
planned/on-going activities (stress refinements, empirical verification efforts, and material data
specific part material data, component residual life sources served to provide varying de.4rees of
testing, etc) become available. The unscheduled and flexibility in assignment of life limits.
opportunistic maintenance items were indirectly
treated in definition of windows on the scheduled Proposed Life Limits and inspection Interv.ls
intervals. The final version of the Force
Structural Maintenance Plan inclusive of all The maintenance philosophy developed for the
scneduled and unschediled maintenance activities was TF34-100 contains an integration of the two criteria
establisnel through tne efforts of the Maintenance discussed above. The durability limit epresents
Planning 3roup (MPG). the point in time when the part is retired from

service. As previously stated, )perdtion beyond toe
A :3mmary of the specifz: items addressed in the "lower bound" Limit was reconmended For selected
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components as a means of life extension while Progressive Life Crowth Plan

specific part material data was generated. A

proj c.tion of the expected improvement in the As alluded to, the recommended -Yrnponen inspecti,)n

durability limit when using specific part LCF data and replacement intervals as defined through the

was performed to aid in piece-part provisioning, assessment team's activities represented the
proposed scheduled maintenance plan for the

The safety inspections as derived from tne fracture TF34-100. However, for those areas where the

analyses supplemented the durability limits. These recomnmended inspection/replacement intervals weT,:

inspections are instituted when the component enters less than the desired goals, a follow-on life

service and serve to insure structural integrity of enhancement program was identified. Normally these

the fracture critical components. Figure 15 programs contained specific part mat:-rial

illustrates the methods by which these two elements characterization and were aimed at extending the

interact. As shown, if operation beyond the durability or replacement limits.
durability limit was desired a reduction in the%
inspection interval was required. Where life Structural Maintenance Plan Development

extension beyond the "lower bound" durability limit

was proposed a corresponding reduction in the Development of the Structural Maintenance Plan

inspection interval and/or the identification of an served to culminate the efforts completed in Tasks

eddy current inspection requirement was defined. IV-Vt. A multi-faceted approach was defined for
establishing the recommended life limits, depot
return intervals, and field/depot inspections. The
essential ingredients included:

COMPONENT STRUCTURAL MAINTENANCE PHILOSOPHY

DURABILITY L.MIT SAFETY LIMIT o Durabsity and safety limits as defined

"CONVENTIONAL REPLACEMENT INTERVAL* "INSPECTION INTERVAL" through analysis and testing.

COMPONENT LCF ICRACK INITIATION) CRACK PROPAGATION LIFE
LIFE NORMALLY ASSOCIATED WITH FORM INITIAL FLAW. EITHER o Definition of variability in life limits due

I1 0 PROBABILITY OF OCCURRENCE. PREEXISTING OR SERVICE to material data base and assumptions employed in
ICRCK F.~f ON INDUCED,_________________, establishing the limits.

L, EALIFE o Planned/on-going activities that were likely
SFL FE to influence the particular limits.

o Demonstrated sensitivity of prinary
components to cracks in critical features.

t o Supportability picture in terms of .nanpower,

%,. / facilities, and piece part requirements.

STRUCTIJRAL MAINTENANCE PLAN A set of life goals consistent with the Component

REPLACE . : NOTE* S.I.I. n SAFETY Improvement Program' s charter were adopted when

O ,U INSPECTION INTERVAL deter;nining the extent of follow-on efforts
INSPECT required. Locations where the existing life was

-NSPECT derived from generic LCF data a specific part
program was defined and incorporated into the Life

5.1 I Management program. The individual results were
integrated, taking into account existing field and
depot maintenance items, into a major assembly

Figure 15 - Elements of Structural Maintenance depot/field maintenance plan. Figure 16 illustrates
Development the resulting Maintenance Plan, by assembly,

proposed for, the TF3-100.

Inspection Requirements A iO vISSION _OURS

The basis for selecting particular inspection 1000 2000 1000 0o10 5000 o000 7000 800

methods was briefly describcS in the aforementioned FAN 0 X • 0 0

paragraphs. Table 6 summarizes the nature and COMPRESSOR 0 0

extent of the inspections defined for the critical HPT 0 0 0 0

components. As noted, Implementation of eddy A *

current inspections at productiDn was not LPT X 0 X 0 0 0

recommended. Witn TF34-100 production nearly COMaUSroR 0 0
complete minimal benefit could be derived in I 9 1 IS 1 11

equipping production for enhanced Inspections. YRS YRS YR5 YRS RS YRS VA5 IR

Where required, spare parts forwarded to depot were APPROXIMATE CALENDAR TIME

inspected prior to installation. FAN DRIVE SHAFT VISUAL INSPECTION DURINC HPT HNG[ Ot
T

Table 6 - Summary of inspections for Critical
Components

Figure lb - Scheduled Depot and Field Inspecifn
Maintenance Plan

In the final inilysis a Mointenance Plan p--.
on relative impact, cost, and safety was

'All P,-., r-eivR FPIn pvduc,,on the TF34-100 A-1I weapon system. The plan as
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developed, served as the starting point upon whic', a analyses served to identify locations which were
more comprehensive progran continued to evolve, particularly sensitive to LCF generated, intrinsic, ,

or induced (handling, machining, eLc.) flaws. As
such, upgraded and enhanced inspections were defined

Life Tracking System and recommended for these areas. An extensive and
aggressive program was defined and executed for the

With the current life tracking system (Engine Time implementation of improved FP1 and eddy current
Temperature Recorder at engine level, MIMICS at base inspections at depot. The full support of the Navy
level and G337 at depot level) capable of (direct depot responsibility), Air Force, and the
recognizing limits based upon either cycles or Lontractor was required for impl'-mentation to follow
engine operating hours an either/or criteria was a timely course.
established for tracking the inspection intervals.
Rather than assigning a discrete inspection limit to The TF34-1O0 Structural Assessment provided further ,
each component a grouping according to major insight into the structural requirements necessary
assembly was considered. An inspection limit for ensuring maximum flight safety. It marks the
(cycle/hours) associated with the most limiting second engine in the Air Force inventory to receive
(safety limit) component within an assembly was an assessment of this type. The assessment
assigned to the assembly. Exceedance of either continues to demonstrate the applicability of a
limit was cause for module removal and return to Damage Tolerance criteria to the life management of
depot for inspection, engine components. The uncertainties related to

component life, operational environment, and
Replacement/refurbishment intervals will continue to manufacturing variations highlights the importance
be tracked on an individual component basis. of establishinR qafety Tnspections on the .icical
Durability limits as prescribed in Task VII, coip. parts. The underlying philosophy is one of
with corresponding K factors, served to control part Prevention rather than Reaction. Growth of this
replacement. Optimum inspection/replacement windows concept is strengthened with the successful
are dependent upon other logistic factors and were completion and demonstration of the benefits,
treated as part of the Maintenance Planning Group vis-a-vis FIO0 and TF34 experience. It is an
(MPG) activities. approach which is rapidly taking hold in the design

stage of new engines, as apparent from the
incorporation of Damage Tolerance requirements in

TASK VIII - IMPLEMENTATION ACTIONS the Engine Structural Integrity Program (ENSIP)
specification. The specification mandating this
design methodology was put in force on the 45th

Effort associated with this task focused on defining anniversary (1984) of the first gas turbine engine
the actions and organizations responsible for powered flight. The influence of this specification,
implementing the DADTA's recommended Force is already apparent in the design of the Next
Structural Maintenance Plan. In addition, tasks Generation Trainer (NO-T) and Advanced Tactical
necessary to support the Life Growth Plan developed Fighter (ATF) engines. The NGT and ATF engines will
in Task VII were defined for inclusion into the constitute the first structural designs to fully
on-going Component Improvement Program. A strong comply with the damage tolerance design approach set
commitment by the contractor, depot and DADTA team forth in the Air Force's ENSIP Nil Standard 1783.
personnel was essential to the successful and timely As with the Structural Assessments they are not
execution of the implementation action plan. destined to be the last.

SUMMARY REFERENCES

(I) Walker, K., "The Effect of Stress Rates During
The TF34-1O0 Durability and Damage Tolerance Crack Propagation and Fatigue for 2024-T3 and
Assessment activities culminated in a comprehensive 7075-T6 Aluminum," ASTM STP 462, 1970
Force Structural Maintenance Plan that identified
both current and future maintenance actions (2) Richart F. E., and Newmark, V. M. "An
necessary for insuring maximum flight safety of the Hypothesis for the Determination of Cumulative
TF34-lOO/A-lO weapon system. The plan contained Damage in Fatigue," ASTM Proceedings, Vol 8, 1946
component inspection intervals, replacement times, Dmg nFtge"AT rceigVl4,14
inspection systems, preferred modifications/reworks, (3) Neuber, H ., 'Theory of Stress Concentration for
and definition of a life growth plan for extending Sheer-Strained Prismatical Bodies with Arbitrary
the useful life upwards to 8000 hours. A Life Cycle Nonlinear Stress Strain Laws," Trana, ASME, Journal
Cost (LCC) analysis of the assessment's recommended of Applied Mechanics, Vol 28, Dec 1961, pp 544 _.

preferred options reflected sizable monetary savings
through adoption of the proposed (4) Irwin, G., Journal of Applied Mechanics, Vol
inspection/replacement schedules for the various 29 1962, pp 51
components. Although philosophically different from
the Life Management plan in place at the outset of (5) Willenborg, J., Engle, R. M., and Wood, H. A.,
the assessment, with the inclusion of a fracture "A Crack Growth Retardation Model Using an Effective
mechanics based inspection criteria, the essential Stress Concept"
elements of the plan are consistent with the overall
goal of obtaiing the maximum affordable operational
safety possible.

The nature and extent of analysis efforts which were
undertaken was unprecedented for the TF34-100. The
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RETIREMENT FOR CAUSE OF

THE F100 ENGINE

John A. Harris, Jr.

M. C. Van Wanderham
Pratt & Whitney

Advanced Engineering Operations

West Palm Beach, Florida g

ABSTRACT

Retirement for Cause (RFC) is a life cycle management procedure for gas turbine S
engine components, such as fan, compressor and turbine disks. The procedure
enables full use of the safe life inherent in each component, as opposed to
arbitrary retirement from service of all components at a calculated low cycle
fatigue life. Historically, these components have been retired at the
accumulated time (or cycles) where the first fatigue crack in 1000 identical
components, all used in an identical manner, could be expected to occur. By
definition then, 99.9% of these components were being retired prematurely,
while they still may have had useful life remaining. The Retirement for Cause
approach is based on fracture mechanics and nondestructive evaluation, and is
evaluated economically. The U.S. Air Force recognized the potential of this
approach for maintenance/life cycle cost savings and began development programs
in the late 1970's and early 1980's to reduce the RFC concept to practice.
Those programs have been successfully completed. This paper discusses the
development and integration of the methodology, its implementation for 23 USAF
FIO0 engine components by the San Antonio Air Logistics Center, and its
economic and other benefits.

Retirement for Cause Methodology

The methods used for predicting the life of gas turbine engine rotor components
have historically resulted in a conservative estimate of useful life. Most
rotor components are life-limited by low cycle fatigue (LCF) generally
expressed in terms of mission equivalency cycles or engine operational hours.
When some predetprmined life limit was reached, used components were retired
from service and replaced with new components.

The fatigue process for a typical rotor component such as a disk can be 0
visualized as illustrated in Figure 1. Total fatigue life consists of a crack
initiation phase followed by growth and linkup of microcracks. The resulting
microcrack(s) would then propagate subcritically until the combination of
service load (stress) and crack size exceeded the material fracture toughness.
Catastrophic failure would ultimately result had not the component been retired
from service. To preclude such failures, disks have typically been retired at
the time when 1 in 1000 would be predicted to have initiated a short (.030

inch) fatigue crack. By definition then, 99.9% of the disks are retired
prematurely. This results from the fact that all fatigue data have inherent
scatter. When this data scatter is coupled with other uncertainties in any
design system, (e.g., stress analysis error, mission/usage variability,
fabrication tolerance, temperature uncertainty) a final deterministic life
prediction is made for an occurrence rate of I in 1000. When plotted on a life
distribution curve as in Figure 2, this corresponds to approximately a -3 sigma
lower bound. It is at this life that all fatigue limited disks are removed
from service. This procedure has successfully prevented catastrophic
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in-service failures. However, in retiring 1000 disks because one may crack,
the remaining crack initiation life of the 999 theoretically good disks
(shaded area in distribution curve of Figure 2.) is not utilized. It has been
calculated that many of the 999 retired disks have considerable useful
remainin2 life (Figure 3).

crack Unu
SizeCrc

I I

Facture Cyces,
0 ra iMMecanics ( ')

Reskdual
Life

Total Fatigue Life L

Figure 1. Total Fatigue Life Can-Be Segmented Into Stages of Crack Development,
Subcritical Growth and Final Fracture

(1 in 1000)

Numnber
of

Disks
in

Population

Uifa
(Thre or Cycles)

Figure 2. Historical Life Limit Methodologies Have Precluded Use of All Available -

Life in a Population of Disks
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Figure 3. Useable Life in Excess of the Typical Components 1 in 1000 Retirement Life
Can Be Significant for a Component Population

Fracture -

Lengt / /

NOE imit10 
RtireDisk

Safe Retun-t-Service Intervals j

TOM

Figure 4. The Retirement for Cause Procedure Involves Inspection and Return-to-Service
Until a Quantifiable Defect Is Found, Resulting in Retirement.

The ability to safely utilize the remaining life in that population of 999
retired disks had been limited by the understanding of the fatigue and fracture

process. Technology advances have improved that understanding, resulting in
the ability to eliminate or define the uncertainties in life prediction, thus

enabling the Retirement for Cause approach. Under the RFC philosophy, each of
these retired disks could be inspected and, if sound, returned to service. The
return-to-service interval is determined by a fracture mechanics calculation of
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remaining propagation life from a defect just small enough to have been missed
during inspection. If the propagation life from this "missed" defect exceeds

the economically feasible return-to-service interval, the disk is reused. This

procedure is repeated, as shown in Figure 4, until the disk has incurred
detectable, measurable damage, at which time it is retired for that reason(or

cause).

Referring to Figure 4, it can be seen that the RFC concept is based on fracture
mechanics and nondestructive evaluation. Nondestructive evaluation is used to
ascertain the presence or absence of defects in critical locations on a
component. Fracture mechanics is used to predict the crack propagation life at
every critical location from a defect size just below the NDE limit of reliable
crack detection. Given that the technology exists to accurately do these two
things, a third factor impacts the decision making process: is RFC
economically beneficial?

Economic benefits of RFC are a function of the return to service interval-crack

propagation life relationship. If the return to service interval is short,
relative to crack propagation life, high costs may be incurred due to frequent
return of modules or engines for depot inspection/overhaul. If the return to
service interval is long relative to crack propagation life, high costs may be
incurred due to in-service failure. The relationship between the return to
service interval, and the crack propagation life, is defined as the propagation
margin, and is illustrated in Figure 5.

Failure

Crack Size j PM - Np/RTS

Interval (FITS) i /IJ

NDE Umr I
of Reliable

Crack Detection I
----------------------- -------------- I

Cyces (N)- I
Crack Propagationl

Uae (Np)
TOA .2?24

Figure 5. Propagation Margin (PM), Defines the Relationship Between Crack Propagation Life
and Return-to-Service Interval. This Example Is for a PM-2.
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Applying a propagation margin assures safety in utilizing the remaining
initiation life in each component, recognizing that some uncertainties may
still exist. This is done by determining the crack propagation life, Np, at
every critical location on a component from a defect of a size barely small
enough to be missed during inspection. The return to service interval, RTS, is
then established by conducting life cycle cost analyses to determine the most
economical propagation margin, PM, to apply to the shortest Np, thus RTS =
Np/PM. In this context, propagation margin is akin to a safety factor. Life
cycle cost versus propagation margin is plotted for each individual component
and combined to determine the most economical interval to return an engine or
module for inspection. An example is shown in Figure 6.

cos .: Optimum
eOf ' PM Range --

Failure " . -:.:1.v.......

Ufe Risk
Cycie
Cost

SS

Cumulative Cost of
.--!Frequent Inspections-.!

increasing Risk
Increasing Cast

Propagation Margin

Figure 6. Propagation Margin Is Determined from an Economic Balance Between High Cost of
Failure and Cumulative Cost of Frequent Inspection/Overhaul

The Retirement for Cause Procedure

The RFC flow chart, Figure 7, illustrates a simplified view of how this
maintenance concept is utilized. When an engine or module is scheduled for
maintenance, an economic analysis is performed on the engine or module, i.e.,
fan, compressor, high turbine, or low turbine, identified as a participant of
the RFC maintenance program. If the module has already been in service for
several inspection intervals, the probability of finding cracked parts may be
great enough to make reinspection economically undesirable, and specific
components of that module are retired without being inspected. This is
determined by the economic analysis at decision point one and is one of three
possible decisions. An unscheduled engine removal, UER, may bring a module
out of service that is more economical to return to service for the remainder
of its inspection interval than to inspect and release it for a new full
interval, the second possible decision at point one. The remainine choice at
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point one is to tear down the module and inspect the parts. During inspection,

there again are three possibilities, (decision point two). If no defects are
found, the part is returned to service. If the disk is found to be flawed, it
is retired. The third choice is to investigate modification or repair of a

flawed part. An economically repairable part may be repaired and returned to

inspection, decision point three.

hW

\9

Figure 7. Retirement for Cause Procedure Flow Chart

Technical Development of RFC

As Figures 4, 5 and 6 have illustrated, the RFC methodology is based upon two

broad technological areas: fracture mechanics and nondestructive evaluation,
and evaluated economically.

It may seem incongruous that an effort to utilize the available crack
initiation or LCF life inherent in a population of rotor components would
emphasize fracture mechanics--crack propagation--knowledge as a requisite.
Crack initiation phenomena are not completely understood, and the predictive
ability is not precise. That is why. traditionally, lower bound limits are
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used. The tracture mechanics--NDE approach of retirement tor cause does not
require knowledge of the exact crack initiation life of a component. The
concern is if a crack initiates in a service interval, is it's growth
predictable, with enough precision, to give assurance that the part would not

fail prior to the completion of that interval? Should a crack have initiated,
the inspection process at the end of the interval would then result in the
retirement of that part long before failure could occur. The use of a

propagation margin builds additional safety into the process. The
understanding of how a crack will behave, if present, therefore, becomes the
paramount concern in applying RFC.

The Materials and Acropropulsion units of the Air Force Wright Aeronautical
Laboratories (AFWAL) have conducted in-house research and development
activities in the RFC area since 1972. A joint study by the Metals Behavior
Branch (AFWAL/MLLN), the Engine Assessment Branch (AFWAL/POTA), and the
Directorate of Engineering, Aeronautical Systems Division, reference 1, was
undertaken in 1975 to assess the state of the art of the technologies involved
in RFC. This study addressed and utilized a TF33 3rd-stage turbine disk as a
demonstration vehicle. As a result of this study, the technical requirements

fell into four areas: stress analysis, crack growth analysis, nondestructive

evaluation, and mechanical testing. Pratt & Whitney had also begun extensive
research and development programs under corporate, IR&D, and government

contract sponsorship in 1972 to identify and to develop the applied fracture

mechanics and NDE technologies necessary to realize the RFC concept.

The culmination of these preliminary activities was a study conducted by P&W in
1979 and 1980 under Defense Advanced Research Projects Agency (DARPA) and AFWAL
sponsorship entitled "Concept Definition: Retirement for Cause of FIO Rotor
Components," reference 2. This program was the first to consolidate and focus
these disciplines on a specific engine system and to quantify the benefits and
risks involved. The methodology and results of the study program have been
discussed at many workshops and symposiums (Reference 3-6).
Upon completion of that initial Concept Definition Study, AFWAL/Materials
Laboratory established a major thrust in RFC with the goal of reducing the
concept to practice with first system implementation to occur on the FIO
engine at the San Antonio Air Logistics Center (SAALC). At the start of this
major thrust, a number of fracture mechanics activities had been conducted
giving high confidence in the ability to accurately predict crack growth. In
particular, the Hyperbolic Sine (Sinh) procedure for modeling crack growth rate
had been developed and validated. There did exist, however, some concerns and
data gaps which conceivably could technically limit the application of RFC to
specific engine components. In addition, the broad areas of economic
assessment and logistics management had to be integrated with the RFC technical
concept, to produce a viable, implementable system for managing life limited
gas turbine engine components. The overall development process is shown
schematically in Figure 8.

A number of the technology development activities were subsequently conducted

to execute the development process. These activities addressed life assessment
systems, nondestructive evaluation systems, and weapon system readiness
concerns and the means of integrating and validating these disciplines for a

coherent RFC methodology.
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Figure 8. Technology Areas and Sequences Involved in Reducing Retirement for Cause
to Practice pS

The life assessment systems activity developed fracture mechanics/crack growth
tools for conditions present in gas turbine engines, such as thermal-mechanical
cycling, multiple initiation sites, high frequency-low cycle fatigue
interactions and others. As F100 engine components were the initial
application of retirement for cause, the technology development efforts
addressed the materials and conditions found in that engine.

A probabilistic life analysis technique had been previously defined and was
developed. The information generated in the technology studies was used to
refine this technique, or to provide inputs to the system. This probabilistic
life analysis technique was then used in conjunction with thermal and stress
analysis and nondestructive evaluation information to perform life prediction
calculations, risk assessments, and sensitivity studies on specific F100 engine
components selected for Retirement-for-Cause. Results of these analyses were,
in turn, employed in comparisons of cost versus risk and the life cycle cost
calculations to establish strategies for implementation of RFC, and to provide
management information necessary for cost effective maintenance decisions.

Recognizing the concerns associated with the implementation of any new
life-management concept, an extensive demonstration and validation effort was
conducted. This activity demonstrated the tools previously developed by
laboratory testing of specimens and subcomponents which verified the
statistical aspects of the predictive models. In addition, spin-rig testing of
turbine and compressor component assemblies verified the fracture mechanics
tools. An Accelerated Mission Test (AMT) of a full F100 engine with purposely
flawed components was conducted in the F1O0 Component Improvement Program, and
the results were integrated into the RFC effort. This test, equivalent to more

522



than four years of service in the field, demonstrated fracture mechanics/life
analysis tools under real engine operating conditions, and verified the

laboratory specimen and component test results.

In addition to the laboratory and engine test results, information was obtained

from F-15 and F-16 operating bases to confirm engine utilization, and from the

San Antonio Air Logistic Center to assess field service performance of all FI00

engine RFC Candidate Components. This information and data was used to verify

and optimize the methodology.

While no development of NDE systems was conducted under this program, NDE

support was provided during the methodology demonstration. Requirements for

inspection of the candidate FI00 RFC Components were defined, and were.-
maintained current. This information was interacted with the Manufacturing

Technology for RFC/NDE Systems program conducted by Systems Research
Laboratories. In turn, information and results from that program were
utilized in both the methodology demonstration and life assessment system

development activities. Throughout the development process, similar
coordination activities occurred with all of the effected Air Force and
Government organizations.

Retirement for Cause and the Engine Structural Integrity Program

There is occasional confusion regarding the relationship of Retirement for

Cause (RFC) and the Engine Structural Integrity Program (ENSIP). The Engine

Structural Integrity Program is defined by Military Standard 1783 (USAF), and
prcvides the basis for establishing the requirements, criteria, and methods for

the design of gas turbine engines and/or components. Included is the

requirement for damage tolerance in fracture critical parts, with fatigue crack

initiation (LCF) life and crack propagation life criteria. In addition,

certain nondestructive inspection criteria are specified.

Retirement for Cause is a component life management methodology. It may be

applied to any life limited engine component, regardless of the criteria used
in the design of that component. Retirement for Cause and ENSIP both draw from

the same technology base, and both involve similar component analyses. In many
instances they are complimentary: i.e. damage tolerance concepts of ENSIP can

be utilized in RFC, and probabilistic analysis techniques developed for RFC can

be utilized in ENSIP. In fact, much of the technology base of ENSIP has been

demonstrated, and has been validated by the Air Force's RFC programs.

The major difference between the two programs is the point in time of
application. ENSIP is applied in the initial design and development phase of
an engine program. RFC is applied during the in-service, operational use,
phase of an engine system. The use of the ENSIP philosophy for an engine
design will greatly facilitate the use of RFC during its subsequent service
life. As new engine systems entering the U.S. Air Force are being designed and
developed under ENSIF criteria, RFC will emerge as the primary life limited
component maintenance procedure.

In summary, use of RFC naturally accrues with an ENSIP designed engine;
however, an ENSIP engine design is not required in order to apply Retirement
for Cause.

523



The FIO0 Engine

The USAF F100 engine was chosen as the vehicle for the first implementation of
the Retirement for Cause maintenance concept. This engine, in a number of
models, powers the twin engined F-15 and the single engined F-16 fighter
aircraft. It is an augmented turbofan engine in the 25,000 pound thrust class
with a thrust to weight ratio approximately 8 to 1. The engine originally
entered service in the early 1970's. There are in excess of 3,000 of these
engines now in USAF service worldwide. The F100 is an axial flow, low-bypass,
high-compression ratio, twin-spool engine with an annular combustor and common
flow augmentor. It has a three-stage fan driven by a two-stage low pressure
turbine (LPT), and a 10-stage high pressure compressor (HPC) driven by a
two-stage, high-pressure turbine (HPT). The engine is shown in Figure 9. The
engine consists of five major modules: fan, core (compressor, combustor, and
compressor drive turbine), fan-drive (LPT) turbine, augmentor/exhaust nozzle
and the accessory drive gearbox. Each module is interchangeable from
engine-to-engine at the base and intermediate maintenance level. Each module
has its own maintenance rhythm, and is returned to the San Antonio Air Logistic
Center for overhaul/refurbishment independent from the other modules which
constitute an engine.

The fan, core and fan drive turbine modules contain the rotor components -

disks and rim spacers/air seals - considered for RFC.

00

1().StaC ivergentw T Avgmeatt NAzzle

2-SageCOM essr DiveTurne-2-Stage Fan Drive Turbine

FiWuy The FP00 Turbalan Engine Which Piiu'rs the F 15 and F IS1 Atrrra/t

9.

Figure 9. The F100 Turbofan Engine Which Powers the F-15 and F-16 Aircraft
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FI00 Retirement for Cause Components

There are two primary criteria used to select F100, or any other engine, rotor
components for RFC implementation. These criteria must be sequentially applied:

o Component low cycle fatigue life at any location is less than the
anticipated system life;

o Component crack propagation life at all locations must be greater
than the return to service interval with an appropriate
Propagation Margin,

S

The critical locations considered for each of the two criteria may not be the

same: that is why the criteria are applied sequentially. The LCF limiting

locations may not be those with the most limiting crack propagation life.

Failure to meet both criteria removes a component from consideration. For
example, a component with a LCF life greater than the engine system life would

not be retired in the life of the system, therefore, RFC is not applicable.

Conversely for a component with a LCF life less than the engine system life,

but with a low propagation margin, RFC is also not applicable, assuming no
change in return to service interval, and the component would be retired and
replaced at its LCF limit.

There are two additional factors that should also be considered in selecting
candidate components.If the cost of conducting the necessary component
inspections exceeds the cost of a new replacement component, it is not
economically feasible to apply RFC. If replacement components are not
available (-at any cost-) in the required time period, RFC may be necessary
in order to maintain force readiness. These factors were also accounted for in
selecting FI00 RFC components.

At the present time, 23 fan, high pressure compressor and fan drive turbine
disks and airseals/spacers are FI00 RFC components. These components and their
materials are listed in Table 1.

Coupled with fracture mechanics analyses, reliable production oriented
nondestructive inspection techniques are required. The inspection requirements
for each critical feature for each RFC component were established. Typical
flaw inspection types are shown in Figure 10. The appropriate NDE techniques
to meet those requirements are also listed in Table 1, and are of four types:
proof test, eddy current, ultrasonic, and fluorescent penetrant.

Proof testing techniques at cryogenic temperatures are used for the three fan
disks. The cryo-proof process for disks was developed in conjunction with the
Aeronautical Systems Division and San Antonio Air Logistics Center. Under this
process, a fan disk is spun to an overload speed while at cryogenic
temperature. If a deleterious defect is present, the disk bursts: if not, the
disk is certified for its next return to service interval.

All components receive standard fluorescent penetrant inspection (FPI) during
the overhaul process to detect gross surface defects. Focused FPI is used for

RFC inspections of some features where flaw size requirements are less
stringent.
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Table I

F100 Engine Retirement For Cause Comoonents

Module Component Material NDE Techniciue*
Fan 1st Stage Disk and Hub Ti 6-2-4-6 CRYO Proof

2nd Stage Disk and Hub Ti 6-2-4-6 CRYO Proof
3rd Stage Disk Ti 6-2-4-6 CRYO Proof

2nd Stage Airsesi Ti 6-2-4-6 EC ?

Core-HPC 4th Stage Disk Ti 6-2-4-6 EC 7~

5th Stage Disk Ti 6-2-4-6 SC
7th Stage Disk WASPALOY EC
8th Stage Disk WASPALOY EC
9th Stage Disk In-100 SC/lIT

10th Stage Disk WASPALDY EC
11th Stage Disk In-100 EC

12th Stage Disk WASPALOY EC
13th Stage Disk In-10D SC/lIT

13th Stage Rotor Spacer In-10O EC/UT
4th Stage Airseal Ti 6-2-4-6 FPI
5th Stage Airseal Ti 6-2-4-6 FPI
6th Stage Airseal WASPALOY FPl
7th Stage Airseal WASPALOY FPI
8th Stage Airseal WASPALDY EC
9th Stage Airseal WASPALDY FPI

LPT 3rd Stage Turbine Disk 10-100 EC/UT
4th Stage Turbine Disk In-10D SC/UT
4th Stage Turbine Airseal WASPALOY SC

* C-Eddy Current feature inspection
UT-Ultrasonic zone inspection
FPl-Fluorescent penetrant inspection

Drain stot/ealance Cut Balance Flange Scallop

Lve Rin

Oil Drain/Solt/C0olivig Al; Holes

* Web,

Antiolal on Window llrllFa

Figure 10. Typical Flaw Types to Be Detected in Fighter Engine Rotor Components
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Eddy current and ultrasonic techniques are used where critical surface and/or
subsurface (internal volumetric defect) inspections are required. Specific
inspection requirements were established for each component locationT or zone
and interacted with Systems Resiarch Laboratories Inc. (SRL), the developer and
producer of the automated eddy current/ultrasonic inspection system for RFC
under USAF Contract F33615-81-C-5002. That system is now installed and
operational at the San Antonio Air Logistic Center.

Benefits of RFC for the F100 Engine

The underlying fracture mechanics/life prediction and nondestructive evaluation
technology basis of RFC has been demonstrated and validated. There are no
technical reasons why RFC can not be used for engine maintenance. However,
there must be a reason to use RFC. The primary premise for utilizing RFC is
that it will significantly reduce the cost of ownership of an engine system.
Life Cycle Cost (LCC) savings are the means of measuring the reduction in cost
of ownership.

Life Cycle Cost analyses were conducted for two scenarios for the FI00 fleet:
baseline, with components retired and replaced with new components at their LCF
limits; and RFC of the 23 components. The difference in the two analyses
results is the LCC savings for RFC. In addition, as RFC contributes to an
increase in the return-to-service of the core engine module, with resultant
reduction in the number of core engine overhauls required, the cost savings for
this reduced overhaul activity was also established.

Life Cycle Costs analyses are predicated upon various ground rules and
assumptions concerning events in the future. These include aircraft/engine
utilization rates, scheduled and unscheduled maintenance events, engine delivery
schedules, engine/wodule retirement rate, labor requirements and many others.
Ground rules and assumptions for this study were developed in conjunction with
the Tactical Egines Program Office (ASD/YZ), Air Logistics Command
Headquarters, Acquisition Logistics Division, San Antonio Air Logistics Center
and AFWAL, and used with their concurrence. All costs were based on fiscal
year 1986 dollars.

The LCC savings for the FI0O fleet are $966.2 million due to parts cost
avoidance for the nominal engine life. These savings are delineated by module
in Table 2. In addition, $655.2 million is saved because of fewer scheduled
core engine overhaul visits for the fleet over its projected life. This
reduction results from the extension of the core engine return-to-service
interval. RFC is responsible for a part of this savings. The cost of extending
the interval would increase by a factor of approximately 1.7 to 1.8 if RFC was
not used. Therefore, it is postulated that RFC is responsible for a
proportionate amount of the savings due to the fewer core engine overhaul
visits. With this premise, RFC can be credited with approximately $303 million
of the overhaul visit cost avoidance.

The gross savings due to RFC must be debited by the investment costs required
to enable its use. These cost accrue due to development, equipment and
facility expenses to enable its application. A total of $52.5 million
(FY 1986 dollars) including the NDE and cryo proof equipment and facilities,
are considered RFC investment costs in this analysis and are deducted from the
LCC savings.
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Table 2
Life Cycle Cost (LCC) Savings For FIO
Engine Component Retirement For Cause

Number of LCC Savings
Module Components $ Million (1986)

Fan 4 263.7
Core-HPC 16 449.3
LPT 3 258.2

Total Parts Cost Avoidance $ 966.2

With the above premises, the use of Retirement for Cause for the USAF FI00 V.?.
engine fleet produces a net life cycle cost savings in excess of 1.21 billion
dollars.

Closure

Retiroment for Cause of gas turbine engine romponents is technically %ilid and
economically desirable. The benefits for the USAF FIO0 engine system are so
significant that RFC was implemented for components of that engine in 1986 at
the San Antonio Air Logistics Center. It is anticipated that RFC will become
the standard procedure for maintenance management of life-limited components of
all future USAF gas turbine engines, and potentially for any fatigue
life-limited system.

In addition to the LCC savings, there are other, less tangible benefits. For
the F100 engine alone, it is estimated that more than 3500 tons of strategic
material use is avoided over the engine's life by not producing the quantities
of spare parts that would have been required prior to RFC. In this regard,
while not the primary objective, RFC evolves as one of the largest of the
strategic material conservation efforts.

RFC has been demonstrated as technically viable and beneficial for the Fi00
engine. It is strongly emphasized, however, that in order to utilize RFC for
other engines, thorough knowledge and understanding of the materials
behavior, component operating conditions, engine use and logistics/maintenance
systems involved are required to avoid undesirable consequences.
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A GENERAL DISCUSSION OF THE
RETIREMENT FOR CAUSE INSPECTION SYSTEM

Wally C. Hoppe

NDE Systems Division
Systems Research Laboratories, Inc.

A Division of Arvin/Calspan
2800 Indian Ripple Road

Dayton, OH 45440

ABSTRACT

Systems Research Laboratories, together with its many subcontractors,
has developed the Retirement for Cause (RFC) system to inspect the FIO0
engine at the engine overhaul facility of Kelly AFB, San Antonio, Texas.
This completely automated system, which utilizes both eddy current and
ultrasonic inspection technologies, has been thoroughly tested before
implementation at Kelly AFB. As of September 1, 1987, after ten and one
half months in "production", the system has inspected approximately 1900
parts.

An overview of the RFC system and a presentation of the results of
the reliability tests will be given. Some of the highlights of the
inspection techniques and algorithms will also be outlined, in order to
show how this automated, computer controlled system can achieve the
reliable and sensitive inspections that have been demonstrated.

This work was conducted under USAF contract number F33615-81-C-5002.
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INTRODUCTION

Systems Research Laboratories, together with its many subcontractors, has

developed the Retirement for Cause (RFC) System to inspect the FIO0 engine at

the engine overhaul facility of Kelly AFB, San Antonio, Texas. This

completely automated system, which utilizes both eddy current and ultrasonic

inspection technologies, has been thoroughly tested before implementation at

Kelly A . As of October 15, 1987, after one year of "production", the system

has inspected approximately 2300 parts.

An overview of the RFC System and a presentation of the results of the

reliability tests will be given. Some of the highlights of the inspection

techniques and algorithms will also be outlined in order to show how this

automated, computer controlled system can achieve the reliable and sensitive

inspections that have been demonstrated.

REVIEW

The Retirement for Cause System has been developed under contract with the Air

Force. The project started in 1981. Since then, a prototype system has been

developed and tested. Following this, a production system was built and then

delivered. The first deliveries of inspection stations occurred late in 1985.

Reliability tests have been conducted, and the system has been in production

at Kelly APB since October 1986.
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The prime contractor has been Systems Research Laboratories of Dayton, Ohio.

The contract monitor is Bruce Rasmussen. The subcontractors include major

engine manufacturers (Pratt & Whitney Aircraft, General Electric, Garrett

Turbine Engine, and Allison Gas Turbine), NDE research and equipment suppliers

(Southwest Research Institute, Rockwell Science Center, AMES Laboratory, and

Nortec), and mechanical module suppliers and designers (MM1, CCDI, MP, and

MBS). Al Berens of the University of Dayton performed the statistical

processing.

The result of this multi-million dollar, multiple subcontract effort is the

generic system now in production at Kelly AFB. At present this system

consists of four eddy current test stations and one ultrasonic test station,

all interfaced to a mainframe computer. There is a system operator console

which is used to monitor the status and progress of the inspection, as well as

calling up data reports and graphics. The eddy current stations are used to

find surface cracks, and the ultrasonic station is used to find subsurface

defects. 9

The challenge has been to create a fast and reliable inspection searching for

very small (0.005 x 0.010 in. surface, 0.020 in. dia. internal) fatigue cracks 5

contained in complex geometry parts with equipment which must perform reliably

in a factory environment. The type of geometries inspected include both basic

geometries such as flat surfaces, corners, and internal volumes, and complex

geometries such as the Live Rim, Scallops, Windows and Slots.
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HIGHLIGHTS

The RFC System is completely automated. Some of the aspects of this automa-

tion that are particularly beneficial are part fixturing, probe pickup and

return, dimensioning, calibration, and adaptive scanning techniques. In

addition, the ultrasonic station adapts to the velocity changes of ultrasound

due to water temperature variations. The accuracy and repeatability of some

of these features is given in Table 1.

TABLE 1

Feature Accuracy

Dimensioning +0.002"
Bolt Hole Centering (0.O00b
Scallop Centering +0.001
Phase Calibration +20
Gain Calibration <1 dB

An important aspect of automation is algorithm portability. In this instance

"algorithm" means that software which controls the inspection, also called the

scan plan. For a scan plan to be portable, it must be able to execute proper-

ly on any of the stations without modification. The RFC System accomplishes

this by keeping station dependent software resident within each inspection

station computer. This coupled with adaptive scanning makes the scan plans

truly portable, enabling the scan plans to be written from the blue prints of

the engine parts.

Adaptive scanning techniques are those methods used to adapt the inspection to

a given part, allowing for part-to-part and machine-to-machine variations.

These techniques include hole centering, the use of compliant and airbearing

probes, and dimensioning.
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Dimensioning is the technique used to verify the part, its orientation, and

its dimensions. It is also used to adjust the mechanical positions in the

scan plan to that of the particular part being inspected, so that the

integrity of the inspection is maintained.

Calibration of the inspection is also automatic. The goal behind calibration

is to set up the system in a consistent way from day to day. It adjusts for

differences in machines, instruments, and probes.

The inspection of the engine parts is done in two phases. The first phase is

a rapid scan. Any suspect flaw regions are then re-inspected in the second

phase using slower, more complicated signal processing techniques. In this

S
two-phase approach, high throughput rates can be achieved while still setting

the thresholds near the noise, and reducing the number of false calls. Some

of the signal analysis techniques used in the RFC System are pattern recogni-

tion, digital filtering, correlation fourier analysis, and spatial and time

averaging. The slower of these techniques are typically incorporated in the

second phase ofan inspection.

All of these system features and techniques work together to produce a

reliable, fast, sensitive inspection system.
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SYSTEM TESTING

The RFC System has been extensively tested. These tests began in October

19d5. This acceptance/reliability test was just one phase of a technical

reliability effort. The reliability working group developed the test

procedure and test specimens. This group was made up of the major engine

manufacturers, NDE research houses, and the University of Dayton I. The test

specimen contained fatigue cracks in representative geometries. The test was

blind, implying that neither the system nor SRL personnel had inspected the

actual samples prior to the test.

The first phase of the reliability test was conducted at SRL in Dayton. The

results of that test determined the ship status. The second phase of the

reliability test was then conducted at Kelly AFB after shipment to confirm the

capability shown before shipment.

Each phase of the test consisted of three parts: a test of the system on real

engine parts, a test on reliability specimens, and a system operational

reliability/dependability test. This last test evaluated the system with

regard to uptime and downtime and subsystem failure. To date, the RFC System

has been tested the equivalent of 1b consecutive 40-hour weeks.

The parameters tested in the NDE reliability portion of the tests are shown in

Table 2. Also shown in the table are short explanations of the parameters.
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TABLE 2

Parameter Explanation

Basic Capability Detection Capability
Repeatability Multiple Inspection Effects
Reproducibility Effects of Changes (Instrument...)
Variability Effects of Human Parameters
Reliability Composite of Above

Phase I test results are shown in Figure I and Table 3. Figure I shows the

eddy current probability of detection of the fatigue cracks in the specimens

showing the effects to this curve for several parameters and changes in the

parameters . As can be seen, the results show a good detection capability,

good repeatability with little effect due to probe changes, load changes, or

even operator changes. Table 3 gives the uptime for the three stations

tested. This data shows very good system dependability.

TABLE 3. PERCENT UPTIME

Module Hours Mechanical Software Production

EC #1 126 86 99 82
EC #2 139 99 99 95
UT #1 1!7 100 9b 96

Total 412 95 99 91

Phase II tests began in the summer of 198b. In addition to the tests conduct-

ed in Phase I, the system was tested under a full production load. The tests

confirmed the system dependability, detection reliability, and the ability to

handle a full production load. They also established the system throughput

rates that can be used to estimate loading of the machines in a factory envi-

ronment. Figure 2 shows the eddy current probability of detection data for

the rivet hole specimens for Phase II. Table 4 shows the eddy current

detection capability for all of the specimens tested in Phase II. The depth

given is the 90% probability of detection point at the 95% confidence level.
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TABLE 4. RFC CAPABILITY

Specimen Depth (mils)

Rivet Holes 4.6

Bolt Holes 7.2
Web/Bore - IN100 5.1

Web/Bore - Waspaloy 7.4
Web/Bore - Ti 9.5
Scallops 5.0
Snap Fillet 36.00

As can be seen from the depth in Table 4, not all of the geometries tested

have the desired probability of detection (POD). These areas, together with

other difficult geometries, such as antirotation windows and tangs, are still

being worked on in order to develop a reliable technique. Therefore, of the

parts presently in production certain geometries are not being inspected using

the RFC system.

One of the results of the reliability tests has been the generation of

theoretical POD verses threshold tables. Based on these tables, certain

geometries, at the request of the Air Force, had their thresholds raised.

These specimens were subsequently tested with these raised thresholds, and the

theory confirmed. Finally, these raised thresholds were incorporated in the

engine part inspection software.

* This result was found to be partially due to missed flaws that were outside

of the inspection region. Taking those samples out of the population, and

other improvements has reduced this number considerably.
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In summary, the system has shown its capability to inspect these engine parts

for flaws down to 0.005 x 0.010 inches (surface) and 0.02b in. dia. (internal)

with a high probability of detection. Phase II data correlated strongly with

Phase I. Finally, the system has shown excellent repeatability, and very

small variability due to changes in probe, load, orientation and operator.

S

PRODUCTION

On October 15, 198b, the RFC system went into production on 11 compressor

section engine parts. As mentioned before, not all geometries on these parts

have been implemented. These geometries are awaiting for the development

efforts to improve their reliability. And yet, the system has outperformed

its expectation for the geometries that are inspected. For the first year in 0

production, there has been an average of 30 cores/month inspected. And for

the geometries and parts that are being inspected, the estimated inspection

time/core was 3d hours, while the actual time/core is 28 hours.

The overall statistics are as follows: 2324 engine parts have been inspected

in the first year. 680 were accepted on the first inspection. A total of

1955 were accepted. 148 were rejected. Those that have not been accepted nor

rejected were in the process of being inspected, or reworked, etc. at the time

of compilation of these statistics.

S
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CONCLUSION

The RFC system has proven its capabilities both on tests at SRL and Kelly AFB,

as well as in production. It is proving to be a reliable, cost effective

means of extending the life of these costly engine components. This success-

ful effort will save the Government much money and strategic materials in the

years to come.

S
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COMPUTERIZED CORROSION FORECASTING MODEL
FOR C-5 AIRCRAFT

Robert N. Miller
Lockheed-Georgia Company

Fred H. Meyer
AFWAL/MLSA

ABSTRACT S

A predictive corrosion model which will enable optimum corrosion
maintenance scheduling for C-5 aircraft is being developed under Air Force
Contract F33615-85-C-5058. The VAX-Il computer program is based on the
kinetics of corrosion of aircraft alloys and upon the environmental conditions
existing at Air Force bases. When completed, it will provide a fully
integrated method for predicting crack growth, corrosion damage, and coating
degradation for C-5 aircraft operating in a variety of environments.

The corrosion model is being validated by comparing predicted crack lengths
with actual crack lengths in the test article used in the C-5A Modified Wing
Structural Test Evaluation and by comparing predicted corrosion damage with
corrosion control manhours expended on selected areas of the C-5B aircraft. In
the cracks analyzed to date, the predicted crack lengths are very close to the
actual l'ngths.

With only minor modification, the predictive corrosion modeling program may
be used for the C-141, C-130, B-52 or any other aircraft fleet which already
has a crack monitoring program in operation.

OPERATION

This is a report on a program Lockheed is conducting for the Air Force

Aeronautical Laboratories, Air Force Systems Command.

Aircraft corrosion damage and paint degradation are accelerated by salt
water, sunshine and acid rain. The present method of scheduling corrosion
related maintenance is based on calendar time or flying hour intervals dictated
by statistical probability of fatigue damage to structure or wear of engine
parts. It does not take into consideration the wide variation in environmental
conditions at Air Force Bases. Consequently, aircraft stationed in marine
environments are not inspected often enough and others, based in dry areas,
perhaps more frequently than required.

The objective of this program is to develop a corrosion prediction model
which can be used to optimize:

1. Field and Depot Level inspection programs for existing aircraft. S

2. Selection of aircraft for the Analytical Condition Inspection program, and
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3. Initial inspection programs for new aircraft entering the Air Force
inventory.

During the past two years a predictive corrosion model has been developed
which is based on the kineticri of corrosion reactions of aircraft alloys and
upon the environmental factors which exist at Air Force bases. The initial
program was designed for C-5 aircraft but, with only minor modification, can be
used for any aircraft which already has a crack monitoring program.

This program to incorporate corrosion rate data and prediction techn( logy
into inspection and maintenance scheduling consists of the following tasks:

Task 1 - Review and evaluate current Air Force maintenance programs and recent
work on aircraft corrosion mechanisms and fracture mechanics.

Task 2 - Develop corrosion rate equations for aircraft corrosion processes and
degradation rate equations for aircraft coating systems and incorporate them
into a corrosion prediction model.

Task 3 - Convert the equations and models into a Vax-li FORTRAN program to
establish field and depot level inspection programs for aircraft already in
operation, and inspection programs for new aircraft.

Task 4 - Validate the computerized corrosion forecasting models and maintenance
scheduling decision logic by comparing the predictions of the model with actual
corrosion histories of C-5 or C-141 aircraft.

Task 5 - Evaluate the efficiency of a logic which integrates the corrosion
forecasting model with the structural integrity programs now in use by the Air
Force.

PROGRESS

The key to this entire project is relating the kinetics of corrosion of
aircraft alloys to the environments in which aircraft operate. The literature
search disclosed much of the data necessary to construct the computer model.
The environmental condition which exist at Air Force bases were obtained from a
report by Dr. Robert Summitt of Michigan State University.(1) This report, "An
Environmental Corrosion Severity Classification System", lists the atmospheric
contaminants, intensity of sunlight, rainfall, distance to sea, dewpoint, and
temperature data for most of the Air Force bases.

Fatigue cracking and stress corrosion data for aircraft alloys were found
in the Damage Tolerance Design Handbook MCIC-HB-01, Part II (2).

The computer program is based on the following types of corrosion and
coating failure:

1. Fatigue Corrosion
2. General Corrosion
3. Coating Degradation

FATIGUE CORROSION

Initial efforts were devoted toward developing a method for predicting and
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tracking fatigue corrosion because it is the type of corrosion which is most
apt to shorten aircraft life.

Because of the many variables involved, tracking crack growth in an air
frame is a very complicated procedure. A crack monitoring program is already
in use for the C-5 aircraft. It utilizes parametric input from crack growth
tests, the Forman crack growth equation, data for the specific alloys involved,
stress spectra relating to the type of mission, correction factors for the
specific geometry of the crack being monitored, and adjustments for retardation
effects caused by higher than average stresses. This program utilizes
NASTRAN's Finite Element Analysis methods for calculating stress levels at
selected points of the C-5 airframe.(3)

NASTRAN is a computer program designed to solve mathematical models for
problems in continuum mechanics. It embodies a lumped element approach,
wherein the distributed physical properties of a structure are represented by a
model consisting of a finite number of idealized elements that are
interconnected at a finite number of grid points. Loads are applied at these
grid points and solutions to complex stress and displacement problems can be
obtained. A typical NASTRAN model consists of membrane elements, rod elements
and fastener elements as illustrated in Figure 1.

The C-5 crack monitoring program assumes a flaw of 0.05 inches at critical
points on the aircraft at the time of manufacture, and calculates the length to
which a crack would grow as the result of the missions the aircraft has flown.
The program is based on crack growth data for aircraft alloys obtained at 100%
relative humidity conditions.

Corrosivity Factors

Instead of repeating all this programming for the predictive corrosion
model, it was decided to use the crack lengths predicted by the C-5 Crack
Monitoring program and correct them for variations in the environments in which
specific aircraft operate. This is being done by multiplying the crack
lengths based on 100% relative humidity data by a time weighted "Corrosivity
Factor" which is based on the severity or the environment in which an aircraft
operates.

The basic Forman crack growth equation used in the C-5 program is

da/dN C(delta K)

(I-R)Kc - delta K

where

da/dN = crack growth per cycle

delta K = difference between the maximum and
minimum values of stress concentration

Kc = the critical stress intensity for fracture

C = a material constant

R ratio of minimum to maximum load
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The Corrosivity Factor, CF, is defined as

da/dN in Actual Environment
da/dN in 100% Humidity Environment

The Corrosivity Factors were determined by plotting da/dN vs delta K data
for specific aircraft alloys in dry air, distilled water, and in 3 1/2% NaCl
solution on the same plot as illustrated in Figure 2. Then, assuming an
average stress intensity of 10 KSI in, the values of da/dN for each
environment were read off and converted to corrosivity factors using the above
formula. Since 3 1/2% NaCl is a more corrosive environment than 100% humidity,
the factor for a salt water environment would be greater than 1. Conversely,
for a dry environment, the factor is less than 1.

e
Using Dr. Summitt's data for Air Force bases (1), each base was assigned a

set of corrosivity factors corresponding to its environmental conditions.
Factors were calculated for 7075-T6 and 7075-T73 aluminum, and for 4340 and
300M steel. These were included in the computer programming in such a manner
that, when a specific Air Force base is designated, the appropriate factor is
automatically used in the calculation.

Tracking Points

The C-5 crack monitoring program now in use at Oklahoma City ALC, Tinker
Air Force base tracks 46 theoretical cracks (4). Figure 3 shows the location
of seven of these points which have been selected for use in the initial
predictive corrosion modeling computer program.

1. Nos 629 and 425 - spanwise splices on the lower wing surface

2. Nos 525 and 325 - spanwise splices on the upper wing surface

3. No 761 - skin on the upper fuselage

4. No 818 - panel splice nn the vertical stabilizer

5. No 852 - spanwise splice on the upper surface of the horizontal stabilizer

GENERAL CORROSION

Damage functions for metals in contaminated environments frequently follow
the general model

M = Atb

where M is the metal loss by corrosion, t is exposure time, and A and b are
empirical constants determined by the environmental conditions, the metal
involved and the type of corrosion product on the metal.(5)

The exponent b theoretically takes on the value of approximately 1/2 when
corrosion is limited by the diffusion rate of the reactive species through a
semi-permeable film of reaction products. This would be the case for most
aluminum alloys. When the corrosion products are flocculant or soluble and
offer no protection, as is generally true for steel, linear corrosion kinetics
are observed and b = 1.
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FIGURE 3. LOCATION OF CRACK MONITORING POINTS ON C-5A AIRCRAFT
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The literature search revealed only scattered data for the corros; . of

aircraft alloys in the range of environments encountered by aircraft. It was,

therefore, necessary to conduct corrosion tests with some of the more widely

used alloys in solutions with compositions simulating those of condensate and

rainfall encountered by aircraft tinder service conditions. Using linear

regression mathematical techniques, the laboratory test results and the data -

from the literature were used to determine the constants A and b for specific L

alloys and environmental conditions.

These constants, summarized in Figures 4a and 4b, are being used in the

predictive corrosion computer program. When a specific Air Force base is

called out, the program automatically uses the constants and equation which
correspond to the environmental conditions at that base.

COATING DEGRADATION

The external surfaces of most Air Force aircraft are completely painted.

Except in the case of mechanical damage and initial defects, the time required
for fuselage and wing structure to corrode is the coating degradation time plus _

the corrosion time. In his study of environmental conditions at Air Force

bases, Summitt (1) analyzes the factors involved. His basic coating

degradation algorithm is presented in Figure 5.

The environmental factors which cause the breakdown of coating systems are

ultraviolet radiation, ozone, and sulfur dioxide. By establishing threshold
values for the intensity of ultraviolet and for concentrations of ozone and
sulfur dioxide, this algorithm enables the rating of bases for their effect on
paint systems. An "A" rating represents high values of U V and atmospheric

contaminants. A "B" rating represents intermediate values and a "C" rating,

low values. This algorithm, combined with Lockheed data on the service life of
various coating systems, provides a good basis for determining coating life.

In the predictive corrosion modeling project, the time to initial breakdown

of the coating system is more important than the time to completely repaint an

aircraft. By th e time a paint system has degraded to the point where
repainting is desirable, an extensive amount of corrosion damage may have

occurred. It is strongly recommended that more emphasis be placed on the
touchup and repainting of worn or damaged areas. For this type of paint _
renewal maintenance, A, B, and C in the algorithm will represent 12, 24, and 36
months. A complete repainting operation should take place at every third paint

renewal interval.

COMPUTER PROGRAM

The computer program provides a fully integrated method of predicting crack-Q

growth, corrosion damage, or coating degradation for C-5 aircrd.Lt in a variety
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Alloy Corrosion nd(x

AoyMild Moderate Severe Very Severe[A B A B A B A B

7075-T6 Al 3.OE-5 .46 2.95E-5 .59 2.09E-5 .72 1.7HE- 3 .2

2024-T3 3.6E-6. .70 4.9E-6 .77 6.3E-6 .85 1.48E-5 .70
(CLAI,)

7079-T6 1.9E-6 .89 2.05E-6 .94 2.2E-6 1.00 5.4E-9 2.00

77-7 .E5.46 3.6E-5 .501 9.OE-4 .50 9.3Z-4 .50

FIGURE 4a. ENVIRONMENTAL CONSTANTS FOR CORROSION EQUATIONS

Alloy MidCorrosion Index
MidModerate Severe Very Severe

A B A B A B A B

AZ318-H24 4.OE-4 .77 2.8E-4 .87 1.6E-4 .97 1.2E-4 1.3D

2024-T3 5.OE-4 .30 5.3E-3 .11 1.43E-2 -.05 1.1E-3 .30

4340 Steel 3.5E- 11 2.52 2.61E-8 1.40 4.11E-5 1.00 6.9E-5 1.00

3001' Steel 3.5E- 11 2.52 6.3E-9 2.00 7.3E-5 1.00 5.7E-4 1.00

FIGURE 4b. ENVIRONMENTAL CONSTANTS FOR CORROSION EQUATIONS
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of environments. The flow diagrams for the VAX-il FORTRAN computer program are
illustrated in Figures 6 and 7. The program contains three modules - the first
calculates the remaining effective life of the coating system, the second S
module predicts the length of any fatigue crack which may be present, --I the
third calculates the remaining effective life of the paint system. When
completed, the program will convert the data obtained into optimum time to next
inspection and will select specific scheduled maintenance times for doing the
corrosion repair or paint renewal.

In its present form the program is to be used in conjunction with the C-5
and C-141 crack monitoring programs and useage tapes which, for each aircraft,
give a record of the bases of operation, the flight dates, flight durations,
and the total mission hours.

To run the program we first enter the type of aircraft and the tail
number. Next, we specify the type of corrosion being investigated - coating _
degradation, fatigue corrosion, or general corrosion. If we are interested in
checking possible crack growth in a specific part of the aircraft, we specify
the location of the crack, the alloy involved, and the theoretical crack length
at the last check.

We then input the Air Force bases where the aircraft has been since the
last check, and the ground and flight time at each base, and the crack length
predicted by the C-5 crack monitoring program. For any given aircraft, the
historical information is extracted from the C-5 log tapes.

When the program is run, the output tells us the total crack length, and
the number of flight hours remaining until the crack reaches half its critical
length.

If the coating degradation module had been used, the output would have told
us the remaining time until the next paint renewal or repaint operation.

The general corrosion module output gives the days remaining to corrode
exposed metal to a depth of 3 mils. This depth of corrosion damage was
selected because it can be readily detected and also easily repaired.

Since each of these modules will give a different time interval until the
next optimum maintenance operation, it is now necessary to match the
recommended inspection intervals with the maintenance operations already
scheduled for the aircraft. This will be accomplished in a final module which
will then specify the work task to be done at each of the scheduled inspection
and maintenance times.

VALIDATION OF COMPUTER PROGRAM

The validation of the crack growth module is being accomplished by
comparing analytical crack growth lengths, adjusted for environmental
conditions during the test period, with actual crack growth in the test article
used in the C-5A modified wing structural test evaluation (6). During this
test a modified wing was subjected to multiple stress spectra representing the
loading, takeoff, flight and landing of a C-5A aircraft. This test was
initiated in June of 1981 and continued through December of 1982.
Approximately 100 cracks were deliberately initiated by making sawcuts in the
wing. The growth of the cracks was tracked throughout the test period.
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A/C INPUTS AIC USAGE CORROSION INPUTS

A,C TYPE FROM MAC 89 TYPE OF CORROSION
AfC SERIAL NO. FORM INITIAL CORROSION CONDITION
CORROSION LOCATION A) COATING CONDITION

FLEET MAINTENANCE B) METAL CONDITION
SCHEDULE PREDICTED CRACK LENGTH WITH -- I

STANDARD ENVIRONMENTAL FACTORS

IS
INPU A,'C FIELD

CONDITIONSa

DATA BASE

MAIN
PROGRAM

COATING CONDITIONS CRACK CORROSION
PREDICTION MODULE PREDICTION MODULE PREDICTION MODULE

CORROSION MAINTENANCE
SCHEDULING MODULE

PROGRAM
OUTPUT

OPT IMUM

MAINTENANCE
TIMES

FIGURE 6. FLOW DIAGRAH FOR FORTRAN COMPUTER PROGRAl.
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CORROSIVITY
INDICES OF
AF BASES

*AIRCRAFT MODEL AND NO.
*TYPE OF CORROSION
*LOCATION ON AIRFRAME
*ALLOY INVOLVED S
*TIME AT EACH AF BASE
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CRITERIA FOR
INSPECTION AND MAINTENANCE

OPTIMUM SCHEDULING FOR:

*OPERATING AIRCRAFT
*NEW AIRCRAFT
*ANALYTICAL CONDITION

INSPECTIONS

FIGURE 7. FLOW CHART FOR PREDICTIVE CORROSION COMPUTER PROGRAI.
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Analytical crack lengths were calculated through the use of the C-7 urack
monitoring program which utilizes NASTRAN's finite element analysis methods for
computing stresses at selected points on the aircraft structure.

The crack lengths predicted by the C-5 crack monitoring program are based
on laboratory fatigue crack growth data obtained at iOO% relative humidity
conditions. In the predictive corrosion model, this value is corrected for
variations in actual humidity and for the presence of salt water in the
environment. There was no salt water involved in the C-5 wing test so only the
variations in humidity were considered.

Humidity data for the Atlanta area during the test period were obtained
from the National Climatic Center at Asheville, North Carolina. Figure 8 lists 0
the average temperature and average humidity for each month during the test
period.

Crack growths generated by the predictive corrosion model were compared
with actual measured crack growth for the following locations on the modified
C-5A test wing:

1. 629-2A

Flaw 629-2A, illustrated in Figure 9, was initiated in outer wing lower
surface panel No. 6. This flaw is in a typical outer wing spanwise splice
fastener hole in an area close to the runout of panel No. 6.

The black squares show the actual growth of the crack during the test
period. The upper solid line shows the growth predicted by the C-5 crack
monitoring program. This line indicates a more rapid crack growth than
actually occurred. However, when C-5 crack monitoring results were
corrected for the environmental conditions which existed during the test
period, the predicted crack length value almost coincided with the actual
values.

2. IWBRS 174

Flaw 174, illustrated in Figure 10, was initiated in inner wing lower
surface panel No. 5. It was a corner flaw in an open drain hole. In this
instance the crack lengths predicted by the C-5 crack monitoring program
tracked the actual crack lengths very closely. When corrected for humidity
conditions, the predicted were slightly less than the actual values.

3. 432S

The next flaw, illustrated in Figure 11, was initiated in inner wing lower
surface panel No. 1. It was cut in a typical spanwise splice fastener
location in the splice between Panels No. 1 and 2.

The plot of predicted crack lengths vs. actual crack lengths shows the
uncorrected predictions to be higher than the actual growths. The points
for the corrected lengths agree more closely with the actual lengths.
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FIGURE 8.

AVERAGE HUMIDITIES AND TEMPERATURES DURING C-5 WING TEST

YEAR MONTH AVERAGE AVERAGE
TEMPERATURE HUMIDITY
(degrees F)

1981 June 81.3 65%
July 82.2 68%
August 77.7 75%
September 72.4 71%
October 60.2 73%
November 54.1 64%
December 39.1 70%

1982 January 38.5 72%
February 47.4 70% 0
March 56.5 63%
April 58.4 61%
May 72.5 62%
June 76.3 67%
July 79.1 76%
August 77.5 76%
September 70.5 72% )r
October 62.7 71%
November 53.7 71%
December 49.9 76%

0

0
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4. 425CP

Figure 12 shows the location of Flaw 425CP. This was in inner wing lower
surface panel No. 5 in the area where the panel is attached to the mid beam
lower cap. Again, the solid line representing the C-5 crack monitoring
predictions show greater crack lengths than actually occurred. The
corrected values, indicated by the circles, are closer to the actual
values.

5. 615SS

The location of Flaw 615SS was in the outer wing lower surface panel No.
4. As illustrated in Figure 13, the flaw was initiated at a spanwise
splice fastener hole. The predicted crack lengths, corrected for
environmental conditions, are very close to the actual crack lengths but on
the conservative side.

DISCUSSION

In summary, a predictive corrosion modeling program has been developed
which will give optimum inspection and maintenance scheduling for the major
types of crack growth, corrosion damage, and coating degradation problems which
occur on C-5 aircraft. Specific aircraft can be quickly checked for potential
crack growth in critical areas, for probable corrosion damage to exposed
structural alloys, or for the condition of the aircraft coating system.

The results of the crack growth validation demonstrate that the predictive
corrosion modeling program, used in conjunction with the C-5 crack monitoring
program, will enable more accurate predictions of fatigue crack growth than can
be obtained from the C-5 crack monitoring program alone.

The validation of the general corrosion predictions is in progress.
Corrosion predictions for selected areas on the C-5 wing and fuselage are being
compared with plots of Corrosion Control Manhours vs. Time in Months for those
locations. It is anticipated that there will be a significant increase in
manhours when corrosion of exposed metal to a depth of 3 or more mils occurs.

The predictions of the paint degradation module will be compared with the
paint touch up and repaint histories of selected C-5 aircraft.

The final task will be to determine the feasibility of modifying current
maintenance activity control systems to include the predictive corrosion
modeling program. The impact of making these changes will be estimated from
the standpoint of cost of incorporation and cost increases or decreases of
maintenance activity, as well as improvement in operational readiness of the
aircraft.

CONCLUSIONS

1. A VAX-i computer program, which will predict corrosion damage and fatigue
cracking of aircraft alloys and the degradation of aircraft coating systems-
in a variety of environments, has been developed.

2. The predictive corrosion modeling program will enable optimum inspection
and maintenance scheduling for the major types of crack growth, corrosion
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damage, and coating degradation problems which may occur on C-SA aircraft.

3. The program can be readily modified for use on the C-141, C-130, B-52 and
other aircraft fleets which have crack monitoring programs.

4. The implementation and use of the predictive corrosion modeling program
will minimize unnecessary inspections and will enable corrosion damage to
be prevented or repaired at minimum cost.
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ABSTRACT

In 1983 Alcoa's Davenport Works initiated a statistically designed experiment

to evaluate effects of metal processing on thick plate metal quality. An

outgrowth of this program has been a breakthrough in quality and resultant

property improvements that can be exploited for fatigue and fracture critical

structures. This paper describes the statistical quality control effort, and

gives evidence of the improved capabilities typical of recently produced high

quality material.

Among conventional mechanical property tests, the smooth fatigue test is shown

to be the most discriminating for initial metal quality. Data are shown

correlating longer lifetimes to reduced microporosity size in the improved

plate. Replicate fatigue tests enable definition of a "characteristic"

initial flaw size distribution which can serve as a starting point for flaw

growth analysis and life management. These findings are discussed relative to

initial fatigue quality guarantees and compatibility with emerging

U.S. Air Force durability analysis methodology. In summary, it is shown that

the combination of more discriminating testing and a superior product offers

considerable promise for reliability improvement in aircraft structural designs

of the future.

S

Key Words: aluminum; statistical quality control; quality assurance testing;
nondestructive inspection; mechanical properties; fatigue; fracture;
aerospace; structural integrity; reliability; maintainability; life
management
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INTRODUC7ION

S

Future aircraft designs will reflect more stringent reliability demands to

contain mounting costs associated with maintenance and downtime (1-5). A survey

of United States Air Force (USAF) logistic and maintenance centers revealed that

most structural durability problems are the result of cracking (6).

Consequently during design, assurance is sought that the structure will not

crack excessively in service leadin6 to functional impairment affecting the

aircraft readiness (2-5,7-11). Durability design begins with quality of the

starting material. Under fatigue loading, for example, surface scratches,

inclusions or micropores can greatly accelerate the crack initiation process,

and though cracks emanating from these origins are not an immediate safety

hazard, they affect structural maintenance requirements.

Al-Zn-Cu-Mg alloy 7050 was developed by Alcoa to provide a superior combination

of strength, stress corrosion resistance and fracture toughness, particularly in

thick plate sections. Since the mid-1970s Alcoa has supplied millions of pounds

of thick 7050-T7451 plate for fatigue and fracture critical aircraft structures,

such as fuselage bulkheads and wing box applications. In 1983, Alcoa's •

Davenport Works implemented a statistical process control experiment with the

objective of improving quality and engineering characteristics of 3 to 6-inch

thick 7050-T7451 plate. While the current product was capable of meeting

existing aircraft material specifications, improvements were sought to satisfy

the higher integrity needs of future applications.

In carrying out this investigation, smooth coupon fatigue testing coupled with

post-test fractography was used to characterize members of the microflaw

population with the greatest likelihood of originating detectable cracks in

service. This promising technique is appropriately sensitive and well suited

to the needs of emerging USAF guidelines for reducing cracking problems in

metallic aircraft structures (3-5,8,11,12).

Though the effort described in this paper focuses on aluminum alloy 7050 thick

plate, the statistical quality control and fatigue test methodologies utilized

are transportable to other high strength aluminum alloy systems. As a result,

the 7050 alloy quality improvements demonstrated herein have also benefited

other 2XXX and 7XXX aluminum plate alloy systems.
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STATISTICAL QUALITY CONTROL EXPERIMENT

While not new conceptually (13-15), statistical quality control tools have not

been incorporated extensively in problem solving methodology at the plant level.

Once the commitment to improving quality had been established, the first task

was to determine where to start. Process improvement opportunities on the shop

floor are seemingly unlimited, so five process variables considered to be most

critical were selected fcr initial investigation using a statistically designed

experiment.(,)

A statistically designed experiment provides the means of separating the "vital

few" process variables from the "trivial many" (16). For this experiment, a

2 1 fractional factorial (five variable, two-level) design was selected,

Figure 1. This design assures that all main effects and two-factor interactions

are clear and not confounded with other main effects and two-factor interactions

(17). A total of twenty runs were performed for the experiment--sixteen for the

design and an additional four replicated at the midpoints to provide a measure

of experimental error. About 300,000 pounds of metal was produced for the

twenty run experiment. The experiment proved successful in that it identified

the most significant process variables.

Following completion of the designed experiment, efforts were directed at

bringing the variables into a state of statistical control. Figure 2 is a

composite Shewhart run chart (15) showing the relative values of a significant

process variable before and after Incorporating the quality control effort. As

shown, the mean level (x) was lowered by 60 percent, and the variation as

defined by the upper and lower control limits (UCL and LCL, respectively) was

reduced 3.4 times. This activity was repeated many times over, and as quality

improvements were realized, additional process variables were targeted for

statistical control.

(*)Statistical quality control efforts focus on the current process, making

improvement!- through reduction in variation. The focus of this paper is on
the measurable improvements resulting from this effort, and mention of
specific process variables is avoided in the interest of maintaining the
proprietary advantage this commitment has achieved.
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QUALITY IMPROVEMENTS

Process improvements are directly reflected by improvements in the product (15).

While some improvements were realized following the breakthrough achieved from

the initial effort, quality improved progressively over time as new variables

were brought under control. As a result, some quality and engineering

characteristic improvements were immediately apparent, while others became

evident only after additional process improvements were made.

Ultrasonic Inspection

Ultrasonic indications in thick plate correlate to the degree of microporosity

present. One of the first benefits realized from the quality improvement effort

was the elimination of Class B (18) indications.")4

In May of 1985 this improvement led to a new guarantee that Alcoa would no

longer furnish plate with Class B indications, and that all plate for aerospace

applications would meet Class A inspection limits. Even with the acceptance of

the tighter Class A limits, ultrasonic inspection recovery continued to improve, -

exceeding 99 percent for the past three years. While ultrasonic inspection does

not present a total picture of the micropore distribution it does portray the

"worst cases" comprising the distribution tail. The quality improvement as

determined through the Class frequency present in the distribution tails is

shown graphically in Figure 3. In 1981, the average 7050-T7451 plate lot

sampled contained 0.8 Class A indications and 4.8 Class AA indications. By

1985, the distribution tail had shifted to the point that the average lot

sampled contained no Class A indications and only 0.02 Class AA indications. As

such, it is evident that 7050-T7451 plate Class AA inspection can now be

guaranteed upon request. More recently, Class AA capability has been

demonstrated for all Alcoa plate alloys with controlled fracture toughness

requirements for aerospace.

(*)Ultrasonic classes for single discontinuity response:

Class Response 94,

AA 3/64 in. Any discontinuity with an indication greater than the
A 5/64 in. response from a reference flat-bottom hole of the size
B 8/64 in. given (diameter) is not acceptable.
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Reduction in the degree of centerline microporosity with time has been verified

by an internal quality check. Since 1976, Alcoa has performed a separate 0

ultrasonic scan for aerospace alloys in thick gauges (>3 inches), where rolling

may be insufficient to heal microporosity. The scan consists of inspection for

a continuous response at the mid-plane (location of greatest microporosity)

using a 3/4-inch diameter 5 MHZ crystal set to 100 percent response of a Class A

test block. An internal response limit of 15 percent was selected as a means of

ensuring plate integrity. (This limit is much tighter than that of MIL-STD-2154

(18), which states that loss of back reflection exceeding 50 percent shall be

cause for rejection.) Following the quality control efforts, Alcoa's internal

inspection limit was lowered to 2 percent (threshold for detection) to reflect 6

the improved product integrity.

Fluorescent Penetrant Inspection

The reduction of plate centerline microporosity was also verified by fluorescent

penetrant response. Prior to incorporating the quality effort, banding of

centerline penetrant indications was generally noted in thick plate. For 6-inch

thick plate, the band would be centered on the mid-thickness (T/2) plane and

approximately 1-inch wide. Following the quality control effort, the band was

no longer evident, and the indications present were distributed throughout the

thickness.

Mechanical Properties

The first production runs of 7050-T7451 thick plate, following quality control

improvements implemented in 1984, showed a dramatic shift In both the mean and

variation of short transverse elongation values. The mean increased from the

historic level of 3.8 percent to 4.8 percent--a 26 percent increase, while the

lowei 95-99 percent limit increased from 2 percent to 3 percent--a 50 percent

increase. Over the same time span, tensile and yield minimum strength values

increased by 1 to 4 ksi, and minimum fracture toughness values increased 1 to

5 ksi uin. These improvements have been documented (19) and are being

incorporated as revisions to AMS-4050D (20), MIL-HDBK-5 (21), as well as to

customer specifications.
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VFATIGUE

Most early life fatigue failures originate from preexisting defects.

Preservice inspection attempts to reduce both the magnitude and severity of

these flaws. However, traditional nondestructive methods are suspect for the

more demanding microdefect screening required by new aircraft and engine

structural durability guidelines (3-5,8,11,12). Over the years much effort has

been devoted to characterizing fatigue behavior using statistics of extreme

values (22-25). A rationale behind these studies is that materials contain

weakening flaws, and though the flaw size spectrum may be wide, the fatigue

process seeks out the dominant flaw (weakest link). Therefore, controlling the

distribution of all flaws is not as important as controlling size of the

largest flaws (the extreme values). The smooth axial fatigue test is

appropriately sensitive for quality screening because the failure process seeks

out the weakest microstructural feature (26). The test is also simple and 9
relatively inexpensive, thereby making it attractive for use in a production

environment.

Figure 4 shows that smooth fatigue lifetimes of 7050 plate increase

progressively with thickness reduction. Added rolling to thinner plate gages

facilitates healing of preexisting micropores. Fractures associated with the

7050 plate data revealed that failure for the heavier plate gages, in all cases,

originated from a micropore located at or just beneath the specimen surface;

e.g., Figure 5. Consequently, the fatigue quality screening focused on samples

fiom the T/2 mid-thickness location where micropore concentration is greatest in

heavy gage plate (5.0-5.9 inch). Fatigue specimens were oriented in the long

transverse test direction so that loading would be normal to the elongated

direction of the micropores. After some preliminary testing, a 3.5 ksi minimum

to 35 ksi maximum cyclic stress range was selected to produce failures in a

reasonable time. Early in the investigation, broken specimens were examined in

an attempt to correlate fatigue life and size of the microvoid at the failure

origin. Figure 6 shows data established for commercial plate lots fabricated

from 1984 to 1985. The micropore size corresponding to the plotted data is the

maximum pore dimension measured from an SEM photograph of the specimen fracture

(dimension "a" of Figure 5, for example). As expected, longer fatigue lifetimes

tend to be associated with the smaller micropore origins, and Figures 6 and 7
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show that 1985 process improvements successfully diminished occurrence of larger

micropores responsible for early failures in the 1984 material. Fatigue testing

is now a part of Alcoa's process monitoring strategy for thick 7050 plate, and

the cumulative experience given in Figure 8 shows the quality improvement since

implementation of this practice. Quality has improved to the point that the

majority of specimens tested from 1986 to date survive an arbitrary 160

kilocycle truncation imposed to shorten test times for production material lot

release.

Fatigue crack growth tests in accordance with ASTM E647 (27) were also conducted

to determine the effect of microporosity degree on crack propagation behavior.

Comparable growth rates (da/dN) were obtained from specimens removed at the T/2

location of various Lhickness 7050 plates, Figure 9, and from material at both

the T/2 (high microporosity) and T/4 (low microporosity) locations of thick

7050 plate, Figure 10. It is concluded from these results that crack

propagation rates are insensitive to microporosity degree when the size of the

crack is much larger than the scale of the microstructure. In contrast, the

preceding smooth specimen results of Figures 4, 6 and 8 imply that microporosity

degree has significant influence on crack nucleation and early stage growth.

QUALITY IMPLICATIONS ON STRUCTURAL RELIABILITY AND LIFE MANAGEMENT

Total cost of ownership is becoming more important in selection and

qualification decisions on aircraft materials and manufacturing processes (1).

When averaged over the life of a part, structure or entire fleet, maintenance

and downtime costs can become a driving force for change. Consequently, design

and diagnostic life management strategies are needed to ensure longevity and

safety without incurring excessive cracking problems over the design life

period. Life assurance begins with controls on manufacturing, since life and

consistency of performance are quality dependent. The conceptual drawing of

Figure 11 illustrates that lifetime to grow a crack to size "a" can, on average,

be extended and be reproduced more consistently by decreasing size of the A-

largest preexisting flaws.

Aircraft structural durability requirements are concerned with reducing the

probability of relatively small (0.0005-0.05 inch) flaws (of whatever origin)
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growing to sizes resulting in functional impairment and high life-cycle costs.

Analytical procedures for predicting fatigue crack exceedence probabilities as a S

function of time in service have been recently developed by the USAF (8) and

verified on full scale structures (4,5). These procedures employ probabilistic

fracture mechanics and correlate structural cracking to initial fatigue quality

represented as an equivalent initial flaw size (EIFS) distribution (3-5,8). An

equivalent initial flaw is a hypothetical crack assumed to exist prior to

service. The EIFS distribution can be back calculated from smooth coupon

specimen fatigue lives and the appropriate crack growth rate data as

conceptually illustrated in Figure 12. An EIFS versus fatigue life curve

calculated in this manner for thL test conditions of Figure 6 is shown to fit

the actual data reasonably well. The Figure 6 computation assumed a

semi-elliptical surface crack of depth a and length 2c with stress intensity

factor given by the solution of Raju and Newman (28). An aspect ratio (a/c) of

0.8 was chosen since it approximates the equilibrium shape partial-thickness

crack of a uniformly loaded round tensile bar (28,29). It has been observed

repeatedly in the literature (30-33) that small cracks grow faster than rates

predicted by near-threshold data obtained from long crack specimens of the

current standard ASTM practice (27). For simplicity and to compensate for the

small crack effect, the EIFS curve in Figure 6 was calculated using 7050 growth

rate data (R=O.1) corrected by linear extrapolation to low da/dN as illustrated

in Figure 12. Refinements to further improve the computational accuracy of the

EIFS model are presently being evaluated. The concepts incorporated into these

enhancements are described elsewhere (33-35) and are outside the scope of this

discussion.

The main point to be emphasized by the preceding example is that fracture

mechanics interpretation of smooth fatigue data enables quantification of

initial (weakest link) microdefect sizes in a manner that is totally consistent

with new USAF durability analysis methodology (3-5,8). Once determined, the

EIFS distribution can be viewed as an initial quality characteristic of the

material or the manufacturing process. In contrast, life is dependent on a

number of factors including load history, geometric details, and the material

strength and toughness properties. Hence, the EIFS distribution can serve as a

starting point for incorporating quality into computational design and/or
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diagnostic tradeoffs based on required lifetimes, for a component, aircraft or

entire fleet, Figure 13.

SUMMARY

Structural reliability and maintainability are becoming important tradeoff

considerations in design of advanced metallic aircraft. To meet future needs,

improved materials and quality assurances will be necessary to avoid excessive

costs of maintenance associated with cracking problems in the field.

Conventional lot release testing of mechanical properties is not sufficiently

discriminating of initial metal quality in relation to reliability performance

objectives. Smooth fatigue testing exhibits a level of discrimination to

quantify material reliability in terms useful to design. The coupon test

lifetime distribution can then be transposed to an equivalent initial flaw site

distribution as a starting point for flaw growth analysis and life management.

Thus in addition to use for warranty of metal quality and consistency on a

lot-by-lot basis, the smooth fatigue test gives data enabling reliability

assessment of well designed parts.

A quality breakthrough made on thick 7050-T7451 aluminum alloy plate was

demonstrated with respect to various reliability criteria established at the

material producer level. The statistical quality control methods adopted on a

plant-wide basis at Alcoa's Davenport Works resulted in significant improvements

in conventional quality indices and smooth fatigue specimen test results. The

demonstrated combination of more discriminating testing and a superior quality

product offers promising new options for incorporating reliability into aircraft

structural designs of the future.
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8 - + + +-

10 + +--+
11 + -+ -+

12 - + + -+

+ - - + +
14 - + -+ +
15 -- + + +
16 ++ + + +

Replicates

17 MP* M P M P - MP
18 M P M P M P + M P
19 M P M P M P - MP
20 M P M P M P + M P

*MP =Midpoint in range

7050-T7451 Plate Improvement 25-1 Fractional
Factorial Designi with Resolulioi Y

Figure 1
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Figure 5
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APPLICATION OF DAMAGE TOLERANCE S
TO THE

H-53 HELICOPTER

George J. Schneider

Sikorsky Aircraft

Background

Sikorsky Aircraft has been under contract since late 1982 to investigate the
application of damage tolerance to the H-53 Helicopter. This program has
involved identification of critical structure, usage spectrum evaluation, loads
evaluation, detail stress analyses, material and verification testing, and
development of stress intensity solutions. The primary objectives of the
program were to develop a computer program for use by Sikorsky and Warner
Robins-ALC to perform crack growth analysis of helicopter structure, to evalu-
ate crack growth in a select group of rotor and airframe structure, and to
access the feasibility of damage tolerance force management for the H-53 Air
Force fleet.

A presentation was made at the 1984 ASIP conference to provide an introduction
to this program. Since then, Sikorsky has completed an initial crack propaga-
tion analysis of a select group of rotor and airframe structure. The purpose
of this presentation is to review some of the technical issues involved in the
crack growth analysis, to present some of the analysis results, and to review
conclusions and lessons learned.

Viewgraph No. 1 H-53 Helicopter

The H-53 helicopter has a design gross weight of 42,000 lbs. The main rotor is
72 ft in diameter and has a normal operating speed of 185 rpm which results in
a centrifugal force at each blade to rotor hub attachment of 84,000 lbs. The
tail rotor is 16 ft in diameter and has a normal operating speed of 791 rpm
which results in a centrifugal force at each blade to hub attachment of 35,000
lbs. The rpm of the rotors is relatively constant ranging between 98% to 108%
of normal operating rpm, with overspeeds of 125% in autorotation maneuver.

The pilot controls the helicopter through collective and cyclic sticks, and a
rudder control. The collective stick imparts a uniform pitch and thereby lift
to all main rotor blades. Since the main rotor is a fully articulated system
(i.e., hinged both horizontally and vertically), each blade will rotate at the
blade to hub hinge through a flapwise angle determined by the vector sum of the
centrifugal and lift forces. The blade load imparted to the rotor hub is then
an out-of-plane load with both an in-plane and a vertical (or lift) component.
The uniform lift created by the pilot's collective stick thus provides a
vertical lift force (or thrust) to the helicopter. The cyclic stick provides a
variable pitch to the main rotor blades and thus imparts a forward, sideward,
or rearward thrust to the aircraft. The rudder controls the pitch of the tail

rotor which in straight level flight reacts the main rotor torque. By varying
the tail rotor pitch, the pilot can impart yaw motion to the helicopter.
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Viewgraph No. 2 Presentation Summary

The topics discussed in this presentation include some of the technical issues
in the damage tolerance evaluation, some initial crack propagation analysis
results, a comparison of safe-life and crack propagation evaluations, and a
review of conclusions and lessons learned.

Viewgraph No. 3 Usage Spectrum Variables

Listed are the important variables and their approximate number of variations
which must be considered in defining the helicopter usage spectrum. Also
listed are examples of possible flight regimes. As may be seen, the definition
of a helicopter usage spectrum can be quite complex involving a large number of
flight regimes and a large total number of variables (over 5000). In current -
safe-life (crack initiation) evaluations worst case regime severity, c.g.,
g.w., and altitude are normally used, thus simplifying the usage definition.
This may not be entirely appropriate for damage tolerance evaluation, but
additional investigations are required in this area. In the current flight
data recorder being developed for the Air Force H-53 helicopter, it is planned
to collect data on all the variables listed.

The issue of pilot technique is of considerable current interest. Flight test
programs involving both Sikorsky test pilots as well as military pilots of
various skill levels are being considered due to concerns that pilot skill and
technique may significantly effect flight loads.

Viewgraph No. 4 Usage Definition

The conventional approach to defining helicopter usage spectrum is in terms of
occurrences and/or percent time for each flight regime. In the H-53 damage
tolerance assessment program an early decision was made to define a simulated
real time usage spectrum out of concern for spectrum sequence effects on crack
propagation. This real time usage spectrum was defined in terms of mission
segments and flight conditions which is apparently a carry over from fixed wing
practice. However, it is now believed that a random sequencing of helicopter
loads is sufficiently accurate, and that it is more important to accurately
represent the important variables in viewgraph 3. It is, therefore, planned to
use the ccnventional approach to defining helicopter spectrum in H-53 flight
data recorders and future damage tolerance evaluations since it is inherently
simpler, and easier to incorporate the important flight variables.

Viewgraph No. 5 Main and Tail Rotor Structure

The primary components of the main and tail rotor head assemblies are illu-
strated. The structures selected for damage tolerance evaluation on this
contract are underlined.

Viewgraph No. 6 Some Potential Main Rotor Crack Locations

Potential crack locations are illustrated in the cut away view of one arm of
the main rotor head assembly. As may be seen, the crack locations are diffi-
cult to inspect and require disassembly of the rotor head. The crack locations
evaluated in this contract are noted by a double asterisk(*). Potential crack

locations on the tail rotor head are equally difficult to inspect.
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Viewgraph No. 7 Airframe Structure Analyzed

The airframe structures selected for damage tolerance evaluation are illu-
strated. All structures, except the transmission support, were selected based
on in-service fatigue crack experience. The transmission support structure was
selected due to its primary function in transferring main rotor loads into the
airframe.

Viewgraph No. 8 Measured Flight Loads Data

The fatigue loads on the structures selected for crack growth analysis are
usually obtained from flight test measurements. During a flight test program,
each flight regime is flown multiple times. During each regime occurrence
(run) an analog loads data burst is recorded. These data bursts are illu-
strated on the left.

The processing of each data burst (run) involves an assessment of the dominant
frequency (i.e., harmonic) in the analog signal and digitizing the signal to
determine all load peaks and valleys at this frequency. The 95% or maximum
vibratory load and its associated steady for each data burst are then deter- _
mined. Each data burst (run) is then conservatively assumed to be represented
by its 95% or maximum vibratory, which are plotted as illustrated in the
center.

As shown on the left current safe life fatigue tvaluation is based on the high
envelop 95% or maximum vibratory. In other words, it is conservatively assumed
that the high envelop vibratory occurs for the full time a specific regime
occurs. In the H-53 damage tolerance crack growth analysis, the full range of
maximum and 95% loads experienced in the flight test program were used.
Funding is now being pursued with WR-ALC to evaluate the effect of using the
actual flight test cycle count data.

The correct use of flight test loads data is still controversial. The choice 6
of high envelop data for current safe life evaluation is due to the uncertainty
in flight loads resulting from not well understood day-to-day, aircraft-to-
aircraft, and pilot-to-pilot variations. Caution will, therefore, be necessary
in using actual cycle count data.

lp
Viewgraph No. 9 Typical Max/95% Main Rotor Push Rod Loads

Illustrated is a typical complete set of 95% and maximum vibratory loads and
associated steady loads obtained from the H-53 1983 flight test program for a
main rotor push rod. Most flight regimes :!! represented in this plot. Level
flight loads are plotted as a function of airspeed (not shown). The full range
of loads shown in this plot was used in the H-53 damage tolerance analyses,
whereas only high envelop loads are normally used in safe life fatigue substan-
tiation. The variation in load for a specific flight regime is the result of
many factors including cg, gw, maneuver severity, and maneuver-to-maneuver
scatter.
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Viewgraph No. lU H-53 Helicopter Load Frequencies

As discussed, the loads in helicopter structure are normally characterized by a
dominate frequency. Rotating structure on the main and tail rotor heads
normally are characterized by a once per revolution frequency of 3.1 Hz and
13.2 Hz respectively. Stationary structure on the main and tail rotor heads
and local airframe support structure is normally characterized by a n per rotor
revolution frequency (r) = number of blades) of 18.5 Hz and 52.7 Hz, respec-
tively. An q per main rotor revolution (18.5 Hz) is experienced by the stabi-
lizer result.- from main rotor down wash, and some airframe tail structure is
apparently sensitive to a 3 Hz first mode airframe frequency. As noted from
this and previous viewgraphs, helicopter structure is subject to fairly high
loads at high frequencies (3 to 53 Hz).

Viewgraph No. 11 Stress Analysis - Main Rotor Finite Element Models

Stress analyses of individual structures were performed to relate load to
stresses a long potential crack paths. Various methods of stress analyses were
used including boundary element and finite element analysis. Illustrated are
the NASTRAN finite element models constructed for main rotor structure. In
general, it was found that these models provided basic load path information,
but required "rezoning" to obtain accurate stress distributions for small
surface cracks (.010 inch deep).

Vi.ewgraph No. 12 Stress Magnitudes

Steady and vibratory stress magnitudes are shown for one main rotor and two
airframe structures to indicate the severity of stresses in helicopter struc-
tures. The frequency of the vibratory stress and the local stress concentra-
tion factor are also presented. As noted for the main rotor spindle, the
steady stress is dominated by the stress produced by the centrifugal load.
This is typical of main and tail rotor rotating structure.

Viewgraph No. 13 Material and Verification Tests

Material and verification tests were conducted as part of the H-53 damage
tolerance contract. Material testing was performed with compact tension
specimens and emphasized near threshold and spectrum effects. Verification
testing was conducted on notched specimens with small EDM defects in the notch
to investigate surface cracks growing in nonuniform stress fields under con-
stant amplitude and spectrum loads. Analysis test correlation is in progress,
but it is apparent that additional testing to evaluate small crack growth rates
(cracks less than .020 inch depth), and threshold variability and retardation
behavior are required.

Viewgraph No. 14 Crack Propagation Results for Rotor Retention Structure

The results of crack propagation analysis for 10 crack locations on main and
tail rotor structure are presented. The bar graph indicates the cumulative
percentage of the 10 crack locations which would provide mean crack propagation
times greater than 200-500 flight hours for various inspectable crack sizes
from .005 inch to .030 inch deep; i.e., if an inspection procedure could
reliably detect .010 inch deep crack, 50% of the 10 crack locations (i.e. 5
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locations) would result in mean crack propagation times greater than 200-500 S
flight hours. It should be recalled that these crack times are based -n loads
which may be conservative and possibly conservative usage spectrum. However,
the results due indicated that reliable NDI of .010 to .020 inch deep cracks
would probably be required to achieve reasonable inspection internals for a
majority of rotor structure.

For the airframe structures evaluated on this contract, all crack propagation
times were short except for the main rotor transmission support. The trans-
mission support structure was the only structure evaluated which did not have a
service history of cracks. It exhibited good damage tolerance capability and
is considered typical of most airframe structure. The few problem areas (i.e.
other structures evaluated) may require design modification to meet damage
tolerance requirements. However, crack growth analyses with cycle counted S
loads rather than the max and 95% loads now being used is considered necessary
for reliable decisions on airframe structure.

Viewgraph No. 15 Safe Life - Crack Propagation Evaluation

A comparison of recently published safe life replacement times for H-53 rotor
structure and the H-53 rotor structure crack propagation times indicates no
consistent trends, i.e., components with long safe life replacement times do
not necessarily have long crack propagation times and vice-versa. The reason
for this is not known, and it is somewhat difficult to evaluate due to the
differences in safe life and crack propagation analysis illustrated in the flow
diagram.

Viewgraph No. 16 Technical Conclusions

Technical conclusion and lessons 1 rned are itemized and are fairly self-
explanatory.

Viewgraph No. 17 General Conclusions

General conclusions are itemized and are fairly self-explanatory.
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Individual Helicopter Tracking Program (IHTP)
For The

MH-53J Helicopter.

John G.B. Daniell
Project Engineer- Diagnostics, Sikorsky Aircraft.

Abstract
The cost and complexity of maintaining aircraft in the Air Force inventory escalates with

time. New methods are required to increase the cost effectiveness of fleet aircraft
maintenance while simultaneously decreasing down time and improving readiness rates. r

A system is being developed which can collect details of usage of each helicopter in
the fleet automatically. The resulting data base can then be used in conjunction with
analytical processes to determine component inspection intervals using Damage Tolerance
Assessment (DTA) techniques. This will replace the present assumption of one universal
usage spectrum for all, regardless of the actual usage of individual aircraft.

The helicopter peculiar aspects of component life estimation and the present
methodology will be reviewed. The new system will be described and the process involved
will be outlined.

Background
The need to identify and record aircraft usage information has been well recognized for

a number of years. Early efforts began many years ago with Vgh recorders, and crew
questionnaires, to obtain fixed wing aircraft data and obtain. some insight into fatigue life
usage. Since fixed wing aircraft designs employ relatively damage tolerant structures with
built in redundancy, an inspection frequency that bore an approximate relation to crack
growth served to maintain a margin of safety. The subsequent introduction of
microprocessors using digital software is revolutionizing operational recording systems for
fixed wing aircraft, and for helicopters too. The Air Force has initiated a major program to
upgrade the HH-53B/C helicopter fleet to a new configuration designated MH-53J. This will
extend the service life of this aircraft well into the next century. Application of IHTP to this
model will contribute to this extension, enhancing safety aspects, and helping control the
cost of ownership.

However, applying IHTP to helicopters as opposed to fixed wing poses unique
technical challenges because the two types of aircraft have very little in common, apart from
the fact that they both fly. We will take a look at the requirements, some of the major
differences, and the technical approach we are taking.
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Figure 1

The Air Force has specific requirements for force management which include usage
spectrum monitoring (USM), and Loads and Environmental Spectra Surveys (L/ESS). These
requirements are primarily written for fixed wing aircraft, but can also be applied to rotary
wing.

Figure 2
By their nature, rotary wing aircraft demand a different approach to usage monitoring,

since what is important in fixed wing is often secondary in rotary wing, and vice versa. This
figure highlights the principal differences. The predominance of periodic loads associated
with helicopter flight , a very minor consideration in fixed wing operations, is one obvious
difference. A typical load cycle for, say, a C-141 aircraft, is a complete flight, with random
loads imposed on the structure by gusts. The effects of these gusts on the structure are
dictated by the gust direction and velocity, the speed of the encounter, and other factors such
as gross weight. If we consider one flight, we can divide it into segments - Take-off, Climb,
Cruise, Descent, and Landing. Each flight also contributes one Ground - Air - Ground (GAG)
cycle. Handled this way, we can keep reasonable track of structural life, and the damage
tolerant nature of the design also works in our favor.

On the other hand, the "dynamic" components that make up helicopter rotor systems -
main rotor shafts, rotor heads, control parts, are subjected to periodic loads during the the
entire flight, and redundant design is not practical. Typical helicopter missions do not
necessarily fit in to the Climb/Cruise/Descent pattern just described. A much more rigorous
approach is therefore required, one that assesses the effect, not of a flight, but of each
maneuver, since mechanically induced vibratory loading that changes with each maneuver
is of dominant interest.

The nature of the flight test program for a helicopter is entirely different from fixed wing
practice. It consists, for the most part, of structural load surveys.The results are correlated with
structural analysis, and fatigue testing of parts in the mechanical test laboratory. Loads are
measured in flight during every kind of maneuver likely to be encountered in service, and it is
fair to say that most operational flights could be reconstructed from stringing together
maneuvers flown in these surveys. This is, of course, the ultimate empirical approach, but it
has served us well in the absence (up to now ) of precise methods of analytically inferring
vibratory loads in dynamic components.

Figure 3
All maneuvers performed by helicopters can be defined as flight regimes. Structural

loads measured during flight test as described are related to regimes. Accordingly, if we can
identify the regime, we can derive the corresponding loads.
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Figure 4
This figure shows how analytical and ground test results are combined with flinht test

data, and are applied to a usage spectrum based on general and crnrservative
considerations . For safety reasons this must be biased in favor of the most severe usage
likely to be encountered but, in so doing, we penalize the individual helicopters that see a
less severe usage. How can we improve the picture? One obvious improvement would be to
measure the individual spectrum and compute the individual part life expended. Some safety
factor on life calculated in this way must still be retained, but even so, a life much closer to
reality, and in most cases an increased life, will be obtained. In a few cases a shorter than
expected life may be found. This enhances safety, since the part would be replaced, and the
service life reduced accordingly.

Flgure 5
The advent of the microprocessor based flight data recorder will make it possible to

collect individual aircraft data and accomplish real time processing. These data can be
downloaded for second pass analysis later. This figure shows the different output that results
when a recorder is substituted for the original usage spectrum, giving individual retirement
times.

Figure 6
This illustration shows the equivalent process for Damage Tolerance Assessment

(DTA). Since it is very likely that we will have both methodologies - Crack Propagation (DTA)
and Crack Initiation (Safe Life ) - actively in use together, the system must create a data base
usable by either. We will now look at the arrangement of the proposed IHTP system.

Figure 7.
The input to the recorder consists of aircraft sensor data in analog form. These data are

sampled and digitized before analysis by the regime recognition algorithm. This algorithm
identifies the current regime once per second and causes a single memory location counter
for that regime to be incremented. At the end of a flight, the array of counters represent a
complete breakdown of that flight by the time spent in each regime. This technique enables
data from any length of flight to be stored in a small array of counters. This technique
simplifies the post flight processing to a level easily handled by an IBM or similar PC. In fact,
the Air Force has selected the Zenith Z 248 for Squadron use and IHTP data management
would be only one of the tasks it could perform. Another task associated with this program is
the manual input of inspections performed, and the results, whether or not they were cued by
IHTP data.

Data from each Zenith will be transmitted, either voluntarily or on command, to the
Aircraft Retrieval System ( AIRS ) VAX 11/780 mainframe computer situated at Warner
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Robins. The entire MH-53J data base will be resident in this location. It will be accessible to
the DTA Lab. VAX 11/785, which will execute the DTA Runstream Program. The resulting
inspection interval and/or fatigue life data will then be transmitted back to AIPS, and back
again to the Zenith units, as required. The ASIP Manager, Sikorsky Engineering Personnel,
and other users of the data will be able to access the AIRS data by means of terminals.

Figure 8
This presents an idea of how data will be handled by the system. About 95 percent of

the fleet will have usage spectrum monitors ( USM ), and 5 percent the L/ESS monitor.
Data from the USM will be periodically downloaded to the ground processor at the

Squadrons and thence to the AIRS data base.
L/ESS data, after downloading, is processed into histogram format allowing it to be

compared with the Sikorsky flight test data library. Should the L/ESS data not correlate
acceptably, separate flight testing would be required to investigate, and obtain new data to
update the library. However, if L/ESS and library data are in acceptable agreement, the data
base for that particular flight pattern or mission is validated. In either case, from that point
on, USM data takes over. The validation process is a combination of automatic data •
processing , hand reduction, and Engineering judgement. The AIRS data base accumulates
USM statistics, and interfaces with the DTA Lab. mainframe which operates the Runstream
program.

S

Figure 9.
This represents a typical summary plot for a measurement parameter containing all

currently available edited flight test data to be entered in the Test Data Library. By edited, we
mean that all data that is suspect for any reason (calibration or other problems) has been
removed. The left hand side of the chart represents a summary of all data from accelerated
flight regimes such as turns, pullouts, hovering maneuvers, control reversals, and transient
regimes like climbs, or autorotation. Use of different plotting symbols groups data by such
parameters as Gross Weight, C.G., or maneuver severity such as turn angle of bank or load
factor. The right hand side contains data from steady unaccelerated flight. The line labelled Et
represents the endurance level, that is, the vibratory stress level above which the the part will 8
accumulate fatigue damage giving it a service life below 10,000 flight hours. This life is the
design target, and any part with a safe life below 10,000 hours is said to be" life limited". An
equivalent line for DTA will exist, indicating the load level above which crack growth would
occur.
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Figure 10
The test data library consists of 120 such summaries, and selected ones, shown

shaded and pulled out to the side, are the "Control" parameters which will be --:orded in the
LESS data.

Figures 11 &12
Typical histogram outputs are shown, the first of which is from LESS data.This will be

used to determine load levels vs regimes for library comparison. The second, from USM data,
will define the actual flight spectrum of the individual aircraft. Of course it will be possible to
extract much additional operational information from the data, and a full programming effort to
create a comprehensive AIRS data base, similar to that already in place for the C-141 and
C-130, is planned.

Future Developments.
The design of the system will lend itself to further development. At some point, once

the system just described enters service, various additions could include an incident recorder
with a crash survivable module fed with selected data from the digital recorder, vibration
monitoring, and routine maintenance data.
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PROTOELASTICITY - A COST EFFECTIVE DESIGN TOOL.

Jan Cernosek - PhotoStrain
formerly Stress-Strain Laboratories. Inc.

Dallas, Texas

Introduction.

We live in an era of technological crises. Our country is quickly
losing the technical supremacy which we enjoyed just two decades
ago. The indisputable indicator of this situation, an enormous
trade deficit, persists no matter if dollar is up or down. The
ultimate judge, the customer, turns down his thumb on products of
our companies. Ross Perot, founder of Electronic Data System,
wrote in the Washington Post of October 1987: 'We are losing in
international business competition. In 1986 we lost our position
as the world leading exporter and we had a trade deficit in
high-tech products, supposedly the base for future growth.

We blame the American worker unfairly for poor quality of
our products. The unsatisfactory quality and appearance of many
of our products is the result of poor design and engineering - not N
poor assembly'.

We still design the best aircrafts in the world. But the warning
signals are in the air. Twenty five years ago we manufactured the
best cameras, motorcycles, TV sets, cars, etc. The list can go •
forever. Where are all these products? It does not make any
sense to drive a car packed with electronic gimmicks but powered
by a pitiful engine with specific output of only 30 to 38 hp/litre
when competition is powered by engines with 50 to 70 hp/litre. No
wonder the Japanese and German companies are grabbing a greater
and greater portion of our market.

Just fifteen years ago we started the engineering revolution by
introducing electronic calculators. Who is buying the US made
calculators now? Are the big computers next to fall to the
competition?

In order to reverse this trend, we have to go back to basic
engineering. High-tech, no matter how important. it is, will not
save us. We need to spend more resources and efforts on design
and redesign. The old proverb "if it is not broken do not fix it"
does %ot apply any more.

Stress Analysis in design procedure - finite elements methods.

I: :ake a desiqn cycle ;:iore effici-ni we l ..ve Dr4F- the
designer with earli e-dback. The ar' .v . sii shj!id opi.- tie
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prominent role in this task. It usually takes from six to twelve
months to get a part from the drawing board to the final
acceptance test. If the component fails the test, the desiqlLer
faces a difficult task "to fix" the component within the given
envelope because all other mating parts have been already designed
and sometimes even manufactured. 'Beefing up' the part is the
most popular corrective action. The tight schedule usually
prevents any attempt to make the part more efficient. The fear of
repeated failure leads to 'overkilling' which results in weight
problems, so frequent in aerospace.

Thus, the accurate and reliable stress analysis of the component,
while it exists only in 'blueprint' form, should be of utmost
importance. The traditional P/A and Mc/I approaches which bring
the inevitable 'safety coefficients' are no longer acceptable in
the aircraft design. Numerical methods (especially finite element
methods) whose development was closely related to the
affordability of digital computers,were thought to provide a 'push
buttom' engineering analysis. After years of using them, the
original exitement was replaced by more somber assessment of
capabilities of mathematical modeling. The analyst has learned,
sometimes the hard way, that the finite element methods emphasize
the role of engineering judgment rather than diminish it. The
numerical solutions depend not only on boundary conditions,
loading conditions, size of mesh, and type of elements but also on
the inner architecture of the numerical code itself.

Floyd (1) tried to compare the commercially available numerical
codes in a 'round robin' problem involving a relatively simule
pressure vessel. He concluded that. the application of the finite
element method, if not compared to some other non numerical
approach, could lead to a surprisingly large errors.

Sometimes the behavior of mathematical models defies logic. Fig.
I depicts a simple axisymetric contact problem. In order to model
a proper contact pressure distribution, the 'gap' elements were
introduced between various portions of the structure. The
solution (using MSC NASTRAN numerical code) converged despite the
erroneous definition of stiffnesses of 'gap' elements but the
displacements of various portions of the structure were comparable
to the distance from the earth to the moon. When the error was
corrected, the solution diverged until the specific (10 lb) S
preload was introduced into the 'gap' elements. Why the solution
converged for the definite preload and diverged for all other
preloads was a mystery even to the 'fathers' of this numerical
code.

It has to be pointed out that there are many problems which have
been very successfully solved with finite element methods. For
every 'horror' story one can find one or more "success" stories.
The finite element methods seem to work very well for the
analysis of airframe structures where typical structural eI'tes
as beams, rods and thin shells are ased. 8dt their reliab.ili-
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is not so good when their extension into the analysis of the
continuum is considered. The performance of "solid' elema ents is o
questionable.

Photoelasticity.

One method which is capable of helping designers is
three-dimensional stress-freezing photoelasticity. This is not a
new method. Principles of photoelasticity were established in
the last century when British physicist C. Maxwell observed the
phenomenon of birefringence induced by mechanical stress in glass
and formulated the constitutive equations. The first engineering
application can be dated to 1913. The major breakthrough in the
industrial application of this method came in 1936 when
scientists working at the University of Munich in Germany
discovered a 'stress-freezing' phenomenon in polymers.

In stress freezing technique the model of the component, made
from special optically sensitive material, is loaded at the
elevated, so called glass transition temperature and cooled,
while under load, to room temperature. The optical anisotropy
(birefringence) induced into the model by mechanical stress
remains unchanged even if the load is removed and the model is
sliced into thin slices which are examined in polarized light.
This discovery enabled the extension of photoelasticity into the
analysis of a three dimensional state of stress.

The stress-frozen model contains the information about stress in
every point of a geometrical replica of an actual structural
component. The information is 'stored' in the stress-frozen
model and is readily available for decoding. The way how it is
done depends solely on the goal of the study. This is what
distinquishes photoelasticity from all other methods of an
experimental stress analysis. It can be compared to finite
element methods but it has the advantage of boundary condition
being established by physical laws rather than by judgment of a
stress analyst.

In spite of this exceptional power of photoelasticity, its usage
was limited to the solution of problems of the basic research
(determination of coefficients of stress concentration, for
example) because its procedure was too time consuming and,
therefore, expensive. Models had to be machined from precured
blocks of expensive material whose machinability was very poor.
Thus, the industrial applications were limited to project which -
could absorb cost of this analysis, as for example projects
associated with the nuclear power industry.
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A considerable effort was made during several past years to
transform stress-freezing three-dimensional photoelasticity into
d responsive debgn tool. ILts metno'3oloqy Was completely
reevaluated with time being a decisive factor.

The major breakthrough was a development of new fast curing model
material which enables preparing models in the extremely short
time. This material also exhibits an excellent machinability,
comparable to that of aluminum. The new mold making technique
was also developed. Both these accomplishments made casting 'on
shape' possible. The expensive and time consuming machining of
photoelastic models could be eliminated or, at least, very
limited.

The process of three-dimensional photoelasticity, as being
practiced by PhotoStrain, is quite straightforward:

The model is fabricated by casting 'on shape'. The mold for
casting the model is prepared from the part itself or from the
pattern built according to blueprint. In order to minimize the
cost of fabricating the pattern, the polymethylacrylimide foam is
used. This foam can be machined in very close tolerancies.
Templates can be used as cutters. The cutting forces are so
small that the double sensitive tape can hold this material
securely to the table of the milling machine. The various parts
of the pattern can be bonded together using the quick-setting
epoxy. Fillets are made by wiping-on clay using tools fabricated
from rubber rods with machined spherical heads of required radii.
The surfaces of the pattern fabricated from the foam are filled
with wipe-on/wipe-off filler especially developed for this
purpose. Figs. ?a to 2d illustrate the fabrication of the
pattern of the component of the helicopter control system. This
pattern was prepared in less than eiqht hours.

The special molds to cast photoelastic models are prepared from
these patterns.

The general requirements of these molds are as follows:

a) The inner surface of the mold has to have excellent releasing
properties.
b) The mold has to be designed in such a way that the shrinkage
of model material during polymerization will not introduce
cracking or residual stress.
c) The mold has to be rigid even at elevated temperature in order
to withstand hydrostatic pressure of the material without
substantial deformation.

PhotoStrain developed a unique methodology of preparing these
molds. The mold is composed of two layers: an elastic cushion
and a rigid shell. The inner elastic cushion is formed from
especially formulated silicon elastoner. The outside rigid shell
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is formed from high-temperature resistant epoxy resin. This
shell provides the mold with geometrical stability while an
elastical cushion protects the casting. The mold making
procedure is very simple. A coat of silicon elastomer is brushed
on the surface of the pattern with a stiff brush. When silicon
is cured into a solid coat exhibiting an aggressive tack, a layer
of epoxy is brushed onto silicon. Both these layers fuse
together during the curing of the mold.

PhotoStrain developed a unique fast curing, epoxy based material
for casting "on shape'. This is the only available model
material which can be cast in large quantities into molds without
developing residual stress on Was cast' surfaces. Despite that
it is cured by low reactivity end exhibits negligible
exothermicity, it cures overnight and exhibits excellent.
machinability. Thus, the model can be cast one day and demolded
and machined (if necessary) the following day.

In spite of the excellent machinability of this material which
can be even broached, the machining is usually limited to contact
surfaces. Holes are also rather drilled than precast.

The finished model is then adjusted into a loading fixture which
enables the simulation of loading which is experienced by the
actual component. The actual loads are scaled down. A typical
scaling factor is in 500 to 1000 range. In most cases, the loads
induced by dead weights are adequate. There is no need for a
sophisticated hydraulic loading system - the fact which also
helps to keep the cost of the analysis down.

The stress freezing cycle is rather simple. The model is heated
to the elevated, glass transition temperature (270°P for this
model material), loaded and cooled slowly to room temperature.
At glass transition temperature the model material experiences a
sudden change in mechanical properties. The material's
thermodynamic conformance changes from glass-like to rubber-like.
The modulus of elasticity changes from room temperature magnitude
of 400,000 psi to a rubber-like magnitude of 3000 psi. The
Poisson's ratio also changes from 0.36 to 0.5.

The cooling gradient must be small enough not to introduce
thermal stress which would superimpose onto stress induced by
loads.

When room temperature is reached, the load can be removed. The
deformation and the birefringence remain 'frozen' in the model.
The deformation can be easily measured if the stiffness of the
component is also of some interest. This deformation is "scaled
up' because of the low modulus of elasticity of the model
material at the glass transition temperature.

The birefringence which also remains 'frozen" in the model is not
disturbed when the model is cut into thin slices. The slicing is
done on a special high-speed band-sad cooled with -omoressed air.
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The slices are examined in a polariscope. The observed fringe
pattern is directly related to the mechanical stress. The
normalized fringe order (fringe order devided by the thickness of
a slice) when multiplied by a constant which characterizes the
optical sensitivity of the model material is numerically equaled
to the stress in the model. The prototype stress is determined
by multiplying the model stress by the load scale factor. In
typical study, up to one hundred slices are cut from the
stress-frozen model and stress is measured in up to six hundred
points.

Figs. 3a to 3e follow the study of the stress distribution in a
typical component of a helicopter control system. In this study,
the mold (Fig. 3a) was prepared from the actual component. The
part was removed from the mold after its curing was completed.
The part, which was absolutely undamaged after demolding (curing
temperature of the mold is only 150°F), could be used for other
tests (for example a fatique test) or even used as a flying
article. After removing the part, the mold was again assembled
using irregularities of parting lines as the guides (Fig 3b).
There is no need for locks or pins to guide various parts of the
mold. Some machining was done on the model. Because of
excellent machinability of the model material, there is no need
for complicated machining fixtures (Fig 3c). Fig. 3d depicts the
component in a stress-freezing oven after completition of the
stress-freezing cycle. Note a scaled up deformation of the
component. Fig. 3e shows two models of this component - one
ostress-frozen' and the second in the undeformed state.

Twenty four slices were cut out from the model and stress was
measured in four hundred fifty points. The cost per data point
was $8.52.

The chronology of the study was as follows:

Working day Activity

1 Part received from customer
2 Fabrication of mold
3 Fabrication of mold
4 Casting of model
5 Demolding, machining df model

Fabrication of loading fixture
6 Stress-freezing
7 Stress-freezing
8 Stress-freezing
9 Slicing, preparation of slices for

measurement
10 Measurement
11 Measurement
RESU L TS AVAILABLE
12 Report
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13 Report
14 Report
15 Report
16 Report

Figs. 4 to 6 demonstrate complexities of the parts which were
sucessfully and cost-effectively analyzed by three-dimensional
photoelasticity.

Conclusion.

The great error of the past years was labeling a finite element
method and three-dimensional photoelasticity as being two
competing methods. Where finite element method works 6
exceptionally well (thin walled airframe structures - for
example), photoelasticity is nearly helpless but it excells in
the area where FE has to use solid modeling which is time
consuming, expensive and of questionable accuracy.

Photoelasticity and finite element method should be considered to
be complementary rather than competing methods of stress
analysis.

References: 0

Floyd C. G.. The Determination Of Stresses Using A Combined
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of the Second Conference on 'Computational Methods and
Experimental Methods,' July 1984.
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Fig. 1 - Finite element model of the soindle, split-ring and
thrust bearing assembly.
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Fig. 2a -Fabrication of the pattern of the component
of helicopter control system. Elapsed time. 0.5 hour.

Fig. 2b -Fabrication of the pattern. Elapsed time. 3 hours.
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Fig. 2c -Fabrication of the pattern. Elapsed time. 4.5 hours.

Fig. 2d -Fabrication of the pattern. Elapsed time. 7.5 hours.
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Fig. 3a -Component of helicopter coaetrol s-vstex. Mold for
castinqg photoelast-Lc aodel
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Fig. 3b -Photoelastic mold. Assemblv procedure.

Fig. 3c -Machinting of photoelastir model.
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Fig. 3d -Photoelastic mnodel ini the 'stress-freezing' ov~ert.

Fig. 3e -'Stress-frozen' and undeformed photoelastic models.
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4.

Fiq. 4a -Photoelast-ir aodel of the front differential carrier ;
of fo~ir wheel drive truck. A

NLN

,Fig. 4b -Diqas-sembled atodel of the front differential carrier.
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FINITE ELEMENT MODELS OF USAF AIRCRAFT STRUCTURES

James J. Olsen

Vipperla B. Venkayya

Air Force Wright Aeronautical Laboratories

S
INTRODUCTION

Finite element analysis is at present an industry standard for the analysis and design

of aerospace structures. Significant resources are expected to be allocated for developing,

testing and validating finite element models (FEMS) of current and the future USAF

aircraft. The premise is that the effective use of finite element analysis can reduce (not

eliminate) dependence on test procedures which are very costly both in time and resources.

However, there is a lot to be desired from the way industry and Government organize and

perform finite element analysis. The major deficiency is the lack of a clear definition of

the analysis objectives and tailoring the models to achieve the goals in a most economical

and reliable way. An even more disturbing fact is that, at present, industry developed

finite element models are a wasted effort as far as future utility is concerned, because

the Air Force does not take delivery of these models in an organized, predictable way.

Hence, various potential users of FEMS throughout USAF do not know if and where the

FEMS exist and how to gain access and use them. The result can be a duplication of

developments and an unnecessary cost to the USAF. This paper explores various cost-

effective ways of taking delivery of finite element model data and establishing procedures

for archiving, communicating, retrieving and validating in a secure environment. It also
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delineates the cost and performance benefits that can be derived during the life of an

aircraft by maintaining an accurate and readily available library of finite element models

of USAF aircraft.

FINITE ELEMENT MODELS AND THEIR PURPOSE

Aircraft structures are generally built up of many structural elements such as panels,

beams and joints. They are highly articulated and consist of a complex arrangement of

spars, ribs, skins, spar caps, rib caps, stiffeners and longerons (see figures 1-3). Before

the advent of finite element analysis aircraft designers made gross approximations, such

as, representing lifting surfaces by equivalent beams or plates and the fuselage by beams.

A rod and shear panel representation in the context of a multi-cell box beam is the most

sophistication that was available before the era of general purpose finite element codes like

NASTRAN. In fact even the finite element models of the F-15 and the B-i (circa 1970s)

are made of simple shear panels and rods.

Aircraft structures are too complex or cluttered (see fig. 1) to be represented by single

continuum models. These simple models do not provide enough accuracy and detailed

strength and stiffness information necessary to design modern aircraft where the per-

formance and weight requirements are extremely stringent. The behavior of the plates,

beams,and rods from which aircraft structures are constructed is governed by one or more

differential equations, and they can be solved with strict assumptions of continuity and

complex boundary conditions. However, when they all come together, with their differen-

tial equations, at the joints it is impossible to establish compatability and make a mean-

ingful analysis. Finite element analysis, on the other hand, allows modelling these discrete

structures by approximating the differential equations by algebraic equations which do not

normally require continuity and compatability beyond the first level. Also, it is easy to
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represent complex boundary conditions in simple terms in a finite element analysis. An

even more important consideration is that the algebraic equations can be solved very effi-

ciently on modern digital computers. In response to this facility and flexibility numerous

public domain and commercial finite element analysis codes were developed during the 60s

and 70s. They are used extensively for the analysis of aerospace, mechanical, civil and

marine structures. A partial list of frequently used finite element codes are: NASTRAN,

ANSYS, ABACUS, ADINA and MARC. Emphasis in the 1980s is on the development

of multi-disciplinary preliminary design programs such as ASTROS. They are also based

on finite element analysis. In addition, they will have extensive optimization capability. 6

When these systems are fully operational, they can really bring the impact of modern

super computers to the design office in an unprecedented way in order to improve the

performance at a minimum cost.

The purpose of a finite element analysis is to determine the performance characteristics

of aerospace structures. The strength, stiffness, and static and dynamic aeroelastic prop-

erties can be estimated quite accurately by analysis with finite element models. When

the physics of the problem is well defined by appropriate elements,boundary conditions

(geometry) and loading conditions (flight environment), a finite element analysis can be

very reliable and cost effective. The cost of testing can be significantly reduced by pro-

moting quality analysis. This approach is particularly appropriate now because of the

rapid developments in super computers and the reduction in computational costs. If all

the benefits, such as, shorter schedules, number of parametric studies and potential for

technology transfer are added up, there is no question that the finite element analysis is an

indispensable tool in the competitive product development. Preliminary design systems

like ASTROS, FASTOP, ASOP and OPTSTAT are all compatible with analysis systems

such as NASTRAN. They provide challenging opportunities for performance improvements

and weight and cost reductions in the future.
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FINITE ELEMENT MODELS OF USAF AIRCRAFT

There are many airplanes in the Air Forces' current inventory. It is a tribute to the

Air Force that once it develops a successful system it uses, reuses and reuses until it just

about falls apart. Examples are the old faithfuls: B-52, KC-135, F-4, and C-130. Similar

usage is expected from more recent systems such as: F-15, F-16, F-111, B-i, C-5A, C-17,

A-10 and others. With all current emphasis on life-cycle costs, repair and maintainability

considerations, future systems like the ATF and other unmentionable systems are expected

to be used even more intensely. These are marvellous but extremely complex engineering S
systems. Yet the Air Force, at present, does not have an orderly and coherent way of

receiving and archiving technical data for lessons learned from the experiences of the past.

Industry develops the finite element models and the Air Force pays for them. However,

due to the lack of standards and planning it does not require the contractors to deliver a

the data for the models with the system. Without this important technical data it is

like exploring a blind alley when the time comnes to adapt the systems to new missions,

add new weapons, develop new derivatives or simply evaluate new repair and maintenance S

procedures.

The need for this technical data is becoming so acute that there is not a single month

in which one Air Force center or the other is not actively looking for the data and in the

process wasting countless hours and resources. There were instances where the contractors

were willing (charitable enough) to give a 3 to 4 inch thick paper listing of the finite element

data but refused to give the data on a computer tape simply because it, was not a CDRL

ite-m. In the first place the Air Force paid (probably more than once) for the development

of this data, and it would probably cost less than $50 to copy it on a computer tape

and give it to its rightful owner. There are other instances where four different Air Force
aai

organizations paid for the same airplane data with minor differences. The point is thai
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this data is invaluable, and we are becoming smart enough to realize it. This is the time

to think, organize and develop effective standards and convince the system progr;,' offices

(SPOS) to take delivery of the data with the system. Development of finite element models

at any time later is not only extremely expensive but also difficult to verify. Finite element

models of typical fighter aircraft can cost millions of dollars to develop and verify from the

drawings. The fact is that many AFLC and AFSC centers are buying finite element models

of the F-15, F-16, F-111 and A-10 after they have been in the inventory for a number of

years. S

SBIR PROGRAM AT AFWAL

As part of a small business innovative research (SBIR) program AFWAL initiated a

study to address the issues of developing A F standards to take delivery of the finite element

model data and the feasibility of establishing an information center to archive, validate

and distribute the data in a secure environment. The current practice of each organization

buying or developing finite element models as the need arises and then throwing them away

is not only wasteful but it also represents a lost opportunity for technology base validation.

There are far too many Air Force systems and they are too complex for any Air Force unit

to undertake this task on a voluntary (using its own budget) basis. An industrially funded

information center is probably the best way to maintain and distribute the Jata. However,

the intent is not to create a Goliath, which costs more to feed it than the benefits derived

from it. The SBIR efforts should provide estimates of the comparative costs of running

such a center and the benefits.

NEED FOR TAKING DELIVERY OF THE ANALYSIS MODEL

The Air Force does not build its own airplanes, and it seldom generates the finite
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element models of its aircraft. As part of the systems program office (SPO) contracts,

contractors develop and make finite element analyses to show the adequacy of its designs.

Every contract for a new system requires that the contractor adhere to a well defined

structural design criteria. This criteria specifies, among ether things, the stren-th, stiffness

and aeroelastic requirements and the margins of safety for all the safety related items. The

contractor must show by analyses and tests that his designs do satisfy all the requirements.

The SPO contract provides funding for all this verification. So it appears that it is a simple

matter for the SPO to include the delivery of the finite element data in its Contract Data

Requirements List (CDRL-AF Form 1423). Actually, it is not as simple, because if all the

data becomes a CDRL item, then the contractor has to make a serious effort to assure that

the data is correct. In addition, the contractor must show that sound modeling guidelines

have been followed in the generation of the analysis models. Otherwise, the data can

become a liability in the case of a system failure. This additional burden will certainly

increase the cost of the analysis.

With hectic schedules and tight budgets the SPOs. understandably. are reluctant to

assume this additional responsibility. However, if we add up all the benefits that can be

derived, during the life of the system, from the readily available finite elemcnt data, it

is hard to believe that any other way is prudent. For example, a successful system stays

in the Air Force inventory for 20 to 30 years . During this time many changes are made

to the system. Now derivatives, new weapon systems and new repair and maintenance

procedures all need the analysis data of the baseline system not only for assessing the

effect of the modifications but also to check the safety of the system. An even more

important consideration is that we will learn to take analysis seriously.

The aerospace industry has built many successful systems over the years. Much of this

success is due to excellent test programs. Every system development cycle includes coupon
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tests, component tests, full scale static and fatigue tests, ground vibration tests, wind

tunnel tests and flight tests. These tests are enormously expensive and time consuming.

When only one or two systems were under development, it was possible to budget for all

these tests. There is no way that the Air Force or the nation can afford this development

cycle for all SDI space systems, National Aerospace Plane, ATF, ATB and who knows how

many other systems are on the drawing board. Analysis, using finite element models on

modern computers, c ,n be the key to reducing the overall development costs. Data from

systems in operation is invaluable for validating the new technology base and sharpening

analysis and optimization tools. The anticipated long term benefits are too compelling to

do business any other way.

AF ORGANIZATIONS INTERESTED IN FINITE ELEMENT MODELS •

A number of organizations in the Air Force need the finite element models in order

to do their job well. The AFLC depots need this information to evaluate new repair

and maintenance procedures and for modifications to add new weapons systems. Warner 0

Robbins AFB needs F-15 models, Ogden needs F-16 models, McClellan is buying F-111

and A-10 models now and in the future they would be in need of the ATF finite element

models. Kelly AFB works with trainers (T38) and other systems in operation. When the

job is done, they usually throw away these models or at least do not keep them in a form

that others can use.

AFSC organizations such as ASD, ASD-AFWAL, 4950th Test Wing, Eglin AFB, the

Flight Test Center at Edwards (including NASA Dryden at Edwards) need these models

for the investigation of new derivatives and new stores and armaments. For example,

there are four different derivatives of the F-15, and a fifth one is being studied for possible

adaption as a STOL aircraft. A similar number, but perhaps not as many derivatives, is
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being proposed for the F-16. AFSC laboratories can use these models very effectively for

technology validation. For example, validation of a new system like ASTROS using a real

operational aircraft such as the F-15 or F-16 can establish credibility and help move the

new technology to the design office. There are other organizations from SAC which will

be needing analytical models of the B1, etc.

The 4950th Test Wing at WPAFB makes extensive modifications to accommodate and

test new avionics, radom and other surveillance systems. Flight Tests Centers and NASA

Dryden at Edwards AFB need the FEM data to confirm the adequacy of critical flight

safety related systems.

SAFE GUARDING FINITE ELEMENT MODEL DATA

Finite element models contain extremely valuable information about the most sophis-

ticated aircraft in the world. The purpose of organizing, validating, and archiving this

data is for the future use of Air Force units and their contractors. If they are easy for us to

access, they can be just as convenient for our adversaries and competitors to obtain these

models. It will be a serious matter if the wrong parties get hold of these models. This is

one issue that the .SBIR studies will address in depth. It appears now that the best way

to protect these models is by maintaining them on a single central computer system in a

binary file format and letting the users access them on a strictly enforced need to know

basis. This may not be the best way and other alternatives must be investigated.

a

STANDARDS FOR FINITE ELEMENT DATA

Finite element model data is just useless unless sound modeling guidelines are followed

in generating it. A thorough understanding of the data and the procedures for validating it
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against the real structural design criteria are extremely important before archiving and dis-
tributing. In 1985, a draft Data Item Description (DID) was prepared by AFWAL/FIBRA

to achieve some of these objectives. This draft DID is attached as an appendix to this

paper. This DID postulates three requirements for delivery of the data. The purpose of

the general requirements is to provide a concise statement of the problem with supporting

data to explain the analysis objectives. The second item is the analysis data requirements

in which five types of analysis are identified. In each case the data requirements are listed

in some detail. The third item is listed as other requirements. This item also specifies how

the data should be supplied to the government regardless of what program the contractor

uses in making the analysis. The DID does not recommend for or against any particular

program and allows complete freedom to exercise creativity. It only requires that the data

be supplied in a standard format, so that the government agency does not have tcf dig in

to proprietary programs in order to understand the data. This DID will be modified and

enhanced when the SBIR studies are completed.

S
In conclusion, the authors firmly believe that it is in the best interest of the Air Force

to pursue this issue vigorously for promoting technical excellence as well as for stretching

scarce resources (getting bigger bang for the buck).
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Form ApoovedDATA ITEM DESCRIPTION Oors N. 0704-18

Exp Date: Jun30, 196
1. TITL 2. IDENTIFICATION NUMBER

Data for Finite Element Models of Aerospace Structures

3. DESCRIPTIONIPURPOSE
This report describes the date elements and the format of the finite element models of
aerospace structures to be delivered to the Air Force. This data will be used to verify the
contractors Structural analysis and/or to determine the effects of future modifications (or
changes) to the structure or its operational conditions. It should be noted that not all
the data items will be applicable to every system. The applicable items will be Identified
on a CDRL (DD Form 1423).

4. APPROVAL DATE 5. OFFICE OF PRIMARY RESPONSIBILITY (OPR) 6a. DTIC REQUIRED 6b. GIDEP REQUIRED
(YAM4DD) .

7. APPLICATION/I INTERRELATIONSHIP

The finite element data generated for verifying the structural design criteria of an
aerospace vehicle (designed and paid for by the Air Force) should be be the property of
the Air Force and should be delivered In a suitable and understandable form for future
use. This data will be extremely valuable in assessing the Integrity of the system after
modifications, repairs and maintenance.

0

B. APPROVAL LIMITATION go. APPLICABLE FORMS 9b. AMSC NUMBER

10. PREPARATION INSTRUCTIONS

10.1 General Requirements. The finite element data supplied in response to this CDRL Item 0
must accompany a problem narrative. This narrative must include the following ±tema:

Configuration version.

* Identification of the documents and/or drawings from which the model was generated.
Copies of these documents must be provided if they are not available to the
government.

* A key diagram showing the location of the component being modeled in relation to the

rest of the structure.

* A brief description of the physical phenomena being modeled.

0
* A discussion on the coarseness/fineness of the grid selected.

* A rational explanation for the elements selected for the model.

* An explanation of the boundary conditions.

0 Materials - Identification of the Mil Standard from which the mechanical properties
were derived. Reasons for any deviations from the standard properties.

0 A complete eascription of the flight maneuvers for which the loading conditions are

attriLuted.

I Planform used for aerodynamic analyses showing all important dimensions.
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10.2 Analysis Data Requirements. The finite element analysis models are classified into
the following five categories: at

1. Static Analysis Models

11. Dynamic Analysis Models

III. Aeroelastie Analysis Models

IV. Heat Transfer Analysis Models

V. Acoustic Cavity Analysis Models

The CDRL will call for the specific models required.

10.2.1 Static Analysis Model Requirements. A static analysis basically requires a good
stiffness representation. However, when gravity loading or Inertia relief conditions are
specified, a good mass representation is also required. This mass representation must
Include both structural and nonstructural mass distributions. The finite element models for
Static analysis must Consist of the following items as a minimum.

i) Geometry - (as appropriate)

Grid Point Coordinates

Element Types
Element Connections
Coordinate Systems

ii) Element Properties - (as appropriate)

Thicknesses
Cross-sectional Areas
Moments of Inertias
Torsional Constants
Fiber Orientations
Other properties as required for special elements.

Iii) Material Properties - (as appropriate)

Isotropic
Anisotropic
Fiber Reinforced Composites
Temperature Dependent Properties
Stress Dependent Properties
Thermal Properties
Damping Properties
Other properties s required for special problems.

1v) Boundary Conditions - (as appropriate)

Single Point Constraints
Nultipoint Const;'aints
Partitioning for Reduction or Substructuring
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dynamic aeroelastic stability (flutter analysis), and the details of the method (references)
and the necessary data shall be provided with the models. Flutter analysis is generally an
Iterative process and oan also Involve more then one flutter mechanism. There are often '. .

special techniques associated with the flutter analysis, and they can be defined Interns or
the ranges of the aerodynamic parameters. Such data shall be Included In the aeroelastiC c.e
models. In addition, provisions must be made to Include the effects of the rigid body modes
on the flutter model (body freedom flutter). If It Is anticipated that these models Will be
used for aeroservoelastiC analysis, then the data shall be provided for a state space formu-
lation. Also sensor actuator locations and their range of operation and/or limitations
shall be included in the data. In addition, a flight control system block diagram shall be
provided with sufficient information to define all transfer functions and gains using
S-domain variables for analog systems or Z-domain variables for digital systems. The units
of important parameters shall be provided.

10.2.4 Heat Transfer Analysis Models. There are three elements to heat transfer models: _
the heat conducting medium, the boundary conditions and the heat sources and/or sinks. The
data requirements of the heat conducting medium are similar to those defined for static and
dynamic analysis. For instance the geometry definition Includes the grid point coordinates,
element types, element connections and coordinate systems. Elements can be classified into
volume heat conduction and surface elements. The element type designation for the volume
heat conduction element is generally derived from the degree of approximation of its shape .
functions. The surface elements are used to model a prescribed heat flux, a convective flux
due to the difference between the surface temperature and the recovery temperature or local
ambient temperature, and radiation heat exchange. Appropriate material properties, single
point and multipoint boundary conditions and description of the heat sources (applied
forces) have a similar correspondence In the static and/or dynamic analysis. The surface
heat convection or radiation details shall be provided (through surface elements) as appro-
priate. The response variables in heat transfer analysis are generally grid point tempera-
tures or the temperature gradients and heat fluxes within the volume heat conduction
elements and the heat flow into the surface elements. Four types of heat transfer analysis
are contemplated:

i) Linear Steady-State Response Analysis

Ii) Linear Transient Response Analysis

iii) Nonlinear Steady-State Response Analysis

iv) Nonlinear Transient Response Analysis

It is often necessary to adopt special techniques for obtaining stable solutions,
particularly in the last two cases. The data pertaining to these special techniques and the
limitations of the nonlinear algorithms shall be fully identified.

10.2.5 Acoustic Cavity Analysis Models. Basically there are three elements in acoustic

cavity analysis models: the acoustic medium, the boundaries, and the sources of excitation.
The acoustic medium model shall Consist of grid points and acoustic elements connecting
these grid points. The response variables are generally the pressure levels and the gradi-
ants of the pressures (with respect to the spatial variables) at the grid points. So for a
general three dimensional acoustic analysis there will be four degrees of freedom per node I
(corresponding to four response variables) in an atoustiC medium model. The properties of
the acoustic pedium can vary with the temperature and pressure distribution and density.
The boundaries of the acoustic model can be solid Walls, flexible walls, openings in the
walls and walls with acoustic material which can be represented as a complex acoustic

Impedance. For complicated boundary conditions separate finite element models may be

necessary in order to derive the boundary conditions for the acoustic model. These finite
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v) Loading - (as appropriate)

Static Loads
Gravity Loads
Thermal Loads
Centrifugal Loads
Other loading conditions as required for special simulations.

For buckling or nonlinear analysis additional information Is required on the following

items:

a Now the nonlinear matrices are derived.

a The method of solution for the nonlinear problem.

0 A description of the method in the case of an eigenvalue analysis.

10.2.2 Dynamic Analysis Models. The dynamic analysis models require 1) geometry, 11) ele-
ment properties, III) material properties, and Iv) boundary conditions as described for the
static case. In addition an accurate nonstructural mass and damping representation is
required. Generally five types of dynamic analysis are contemplated.

a Normal Modes Analysis or

a Complex Eigenvalue Analysis

* Frequency Response Analysis

* Transient Response Analysis

* Random Response Analysis

Zn the first two oases only the method of elgenvalue analysis and the frequency (odes)
range of interest need be specified. For frequency response analysis the frequencies of

interest must be specified. For transient response analysis the dynamic load Must be

defined as a function of time or must be provided as tabular values. For random response

analysis the statistical nature of the input (such as PSD, Auto Correlation) and the
statistical quantities of the output desired must be specified. In addition all the
Information on dynamic reduction and/or modal reduction must be specified.

10.2.3 Aeroelastic Models. An aeroelastic analysis requires mathematical models of the

structure and the aerodynamics. The structure Is generally represented by finite element
models (FEK). The requirements for the structures models are as specified under static and
dynamic analysis. They include mass, stiffness and damping representation. Both structural
and nonstructural mass distributions shall be included In the mass model. The aerodynamic

models are generally based on paneling or equivalent methods. The requirements of the sero-
dynamic models are thost of the panel geometry which cover all the lifting surfaces includ-
Ing the control surfaces, the empennage (horizontal and vertical tails) and canard surfaces.
The fuselage slender body and interference panels shall be modeled to represent the flow-
field adequately. The altitude (air density), mach number and other relevant aerodynamic
parameters mat be specified. The details of the aerodynamic theory and the limits of its
validity mast be clearly defined. In add.tion, data for the force and displacement transfor-
mations from the structural grid to the aerodynamic grid (and vice versa) shall be included
In the aeroelastic models. Two types of aeroelastic analysis are contemplated. Both deal

with the phenomenon of aeroelestic stability. The real eigenvalue analysis is the basis for

determltng the static aeroelastic stability. There are a number of methods for determining
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element models are based on solid mechanics and their data requirements are similar to those
described for the static and dynamic analysis earlier. The acoustic excitation source model
shall have Information on the spatial distribution and the statistical properties (in terms
of the frequency oontent) of the noise. For a deterministic case, however, definition of
the forcing function Includes the magnitude, phasing and frequency along with the spatial
distribution. The acoustic excitation is generally given as velocity or pressure applied to
the medium over prescribed surfaces or at grid points. If the disturbance is from mechani-
cal sources, separate finite element models of the sources shall be supplied as required.
These models are also generally solid mechanics models and their requirements are similar to
static and dynamic analysis models. Generally three types of acoustic analysis are
contemplated.

0 Eigenvalue Analysis

4 Steady-State Solution

4 Nonlinear-Analysis

In the eigenvalue analysis the acoustic natural frequencies end mode shapes are determined.
The purpose is to compare the natural frequencies of the cavity with those of the forcing
function and estimate the resonance effects, and to compare the natural frequencies to the
resonant frequencies of any structure which may be placed In the cavity. This analysis
provides useful Information for design changes In the cavity either by altering the overall
dimensions or by Introducing noise suppression mechanisms such as baffles or by-adding noise
suppression material to Introduce acoustic wall impedance. This analysis does not require
explicit definition of the forcing function. The steady-state solution gives the response
of the cavity to a given excitation. This analysis can be In the time or frequency domain.
The nonlinear analysis involves an iterative solution when the properties of either the
cavity or the acoustic medium vary significantly with the pressure levels and/or
temperature.

10.3 Other Requirements.

The input data for all the finite element models must be provided in a format
compatible with the latest government version of NASTRAN (COSMIC/NASTRAN). If the original
analysis was made with ahother finite element program, the data shall be converted to the
COSMIC/NASTRAN format. If NASTRAN does not have compatible elements or capability, the
elements that are most appropriate must be Identified and projections must be provided on
the expected differences.

In addition to the input data a summary of output results (such as deflections,
stresses, frequencies, etc. at critical areas) shall be provided for future validation of
the models. Also a brief description of how these results were used to satisfy a specific
design criteria. A set of undeformed and deformed plots of the structure shMall be provided
with all the finite element models.

For Details Contact

Dr. V. B. Venkayya
AFWAL/FIBRA
Wright-Patterson A F B, OH, 45433
513-255-6992 1
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AUTOMATED ANALYSIS OF MXU-553 FLIGHT DATA

Kurt H. Schrader

Southwest Research Institute
San Antonio, Texas

As part of the Aircraft Structural Integrity Program developed by
the U.S. Air Force, different types of aircraft have been involved in
a flight data recording program for many years. San Antonio Air
Logistics Center/MMSA contracted with Alamo Technology, Inc., to
develop software for analyzing the data recorded by the MXU-553
equipped aircraft, for generating spectra and profile information, and
to display the resulting data. This software was designed to process
not only the MXU-553 data but also the data from the micro-processor
recorders being developed at this time. Once all software had been
written, a final requirement of the contract with the Air Force was to
process many hours of MXU-553 data and report the results.

The programs developed for SA-ALC/MMSA are summarized in the
interaction overview. The first program consists of a compression
effort where the raw MXU-553 data is converted to engineering units and
compressed to retain only significant flight data. This process is
conducted at OC-ALC and the compressed tapes are sent to SA-ALC for
further analysis. (In the future, this effort will be accomplished by
the on-board micro-processors.) The amount of compression is quite
significant; the original MXU-553 data tape from an aircraft may
contain from 10 to 15 flight hours where the compressed tape can
contain approximately 1000 flight hours. This compressed flight data
is processed by SA-ALC using the Edit/Pre-analysis program which allows
for tabular and graphic display of data and editing of erroneous
information. The final program permits the tabulation of spectra and
profile information and is named S.O.U.P. (Spectra and Operational
Usage Profile). This program will be the subject of this presentation.

All programs have been written to accept data from four MXU-553 S
equipped aircraft: T-38; F-5E/F; T-37; and OA-37. However, the
programs are modular in nature so that aircraft can be added in the
future.

The S.O.U.P. program was designed to run on SA-ALC's VAX 11/780
computer running the VMS operating system while using the Tektronix
4107 color terminal. The program has been used extensively on a
microVAX computer system with a variety of Digital Equipment
Corporation terminals so the program has demonstrated some portability.
The program incorporates both interactive and batch processing modes
and can be run as frequently as the user requires - daily, quarterly,
semi-annually, etc. Typically, the ASIP manager would run the program
quarterly to monitor the overall usage of a given fleet as compared to
previous quarters or years.
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The S.O.U.P. consists of three separate phases or sub-programs
named Options, Count, and Disply. Options and Disply can be thought of
as pre- and post--processors of the database generated during the middle
phase. The Count program is the big number-cruncher which creates a
very large database from the user input parameters. Each individual
phase of the S.O.U.P. program will be discussed below.

Options incorporates an interactive menu system to allow the user
to select from a wide variety of processing parameters. These
parameters include such things as aircraft type, date (for use in
restricting the data to be included in the analysis), base, command,
and several statistical categories. These parameters will be presented
in more detail later. The user receives a cursory review of all
processing parameters prior to submittal of the batch job.

The first level in the flow of the Options program is to select a
parameter file. This can be thought of as a template or style sheet
which has p:--selected parameters. The user then proceeds to the first
level where aircraft type, date range, command, base, and tail number
are selected. These parameters restrict the amount of flight data that
will be processed. For instance, a specific command selection such as
Air Training Command would allow only data meeting that criteria to be
considered for analysis.

The next level would be to select the types of statistics to
gathered. These fall into four broad areas known as ASIP, ENSIP,
O.U.P. (operational usage profiles), and Spectra data. There are
additional selections in each of these categories which will be
highlighted in the following charts.

The final level would be to review the parameter selections and
start the data processing. The parameters selected during levels one
and two have an impact on the processing time of the batch job. Level
one selections have a small impact because the program will have to
investigate each and every flight data file to determine if it meets
the criteria for analysis. The selections on level two (statistical
categories) have a much greater impact on processing time since the
program will only sort data for those statistical categories that are
requested. With this in mind, it is possible to make the appropriate
parameter selections and ensure quick turnaround when the user requires
specific results.

In each of the statistical categories, there a number individual
selections that are also available and these are shown on the next four
charts. In the ASIP area, a variety of cross tabulations can be
selected. These include normal load factor (Nz) in airspeed and
altitude blocks, Nz exceedences versus airspeed, altitude, gross
weight, and mission segment, flight time for similar categories, and
finally information about the aircraft that were used in the analysis.

There are only two selections in the ENSIP category, power lever
angle versus time and engine speed versus time. The concept for this
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Air Force program was conceived 4-5 years ago and the requirements for
critical ENSIP parameter study was limited to these two areas. In
addition, none of the four aircraft involved in this program are _
recording any ENSIP information on their MXU-553 recorder systems. As
a result, this portion of the S.O.U.P. has never been validated.

The third statistical category contains operational usage profile
(O.U.P.) tabulations. These include average information about mission
profiles and phases (average time spent in a major mission phase,
average gross weight and velocity in a phase, etc.) There is also
information about discrete Nz occurrences.

The final category provides information about Nz exceedences and
vertical tail bending moment (VTMX) or lateral acceleration (Ny)
exceedences. An analytical equation for VTMX for both the T-38 and
F-5E/F is used to calculate the bending moment and the S.O.U.P. program
tabulates exceedences for this parameter. For the T-37 and OA-37, no
such equation exists and the exceedences are tabulated for Ny.

Following all selections using the Options program, the batch
processing can begin. The Count program develops a large database
based on the selected parameters and informs the user that the job has
terminated.

The last program, Disply, is used in an interactive environment to
display the items in this large database. This program uses a series
of menus in a hierarchical fashion to display the data in tabular,
graphic, and histogram form. While viewing the many cross tabulations,
the user can create hardcopies of the data either by screen copy
commands associated with the Tektronix terminal or by routing output to
the system line printer using Disply menu selections.

As an example of some of the output from the Disply program, the
following charts have been chosen. From the ASIP category, the TIME
PERCENTAGES BY SEGMENT was selected. The result is a screen which
provides some background on the data included in this analysis. All
commands and bases have been included as well as all dates (0-99999).
The mission "high altitude combat" has been selected and represents
58.5% (545.83 hours) of the total hours available for analysis (932.57
hours). The percentage of time spent in each major mission segment is
shown on the bottom of the chart. This data can also be displayed in
histogram form as seen on the next chart.

The next selection is from the O.U.P. category and is DISCRETE NZ
OCCURRENCES BY FLIGHT CONDITIONS. The next chart shows only a small
portion of the data displayed for discrete occurrences for 1000 mission
hours. Only the primary mission segment is shown and the Nz's are
limited to 2.00 to 5.00 g's. The output would normally consist of all
mission segments and shown occurrences out to 9.00 g's as well as
negative g's. The Nz's are tabulated in bands for each representative
flight condition. For example, for 1000 hours of high altitude combat
mission in the primary phase, there were 1740 Nz occurrences between
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2.00 and 2.50 g's for represencetive tlight condition number 1. This
flight condition has been previously defined as a Mach, airspeed,
altitude, and flap setting condition for the F-5E. This particular
output by the Disply program can be quite useful in dc..loping
cycle-by-cycle stress information for crack growth analysis in further
DTA studies or comparisons.

From the Spectra categorr, NZ EL7EEDENCES was selected and the
next two charts show the type nt data that this category can provide.
The Disply program cannot plot multiple lines per graph but it is a
simple matter to take the tabula, information from Disply and plot the
data on a separate piece of log-linear graph paper. The first spectra
plot shows the Nz exceedences (or cumulative occurrences ) per 1000
mission hours for four different missions. The second spectra plot
shows the Nz exceedences per 1000 phase hours for each phase of the
high altitude mission.

In closing, I would like to highlight the benefits of the S.O.U.P.
program. It is now possible to process more data in a shorter period
of time. Spectra plots can be developed in about one hour and
cycle-by-cycle stress information can be generated in 2-3 days. This
process used to take 2-3 month.. As an example, if the ASIP manager
needed comparison spectra plots for the F-5E aircraft for all data
during the year 1986 so that his commander could have the information
for a meeting in one hour, he now has that capability. The ASIP
manager would use the opuiw.... p ograa to make very restrictive
selections from all processing parameters so that the batch program,
Count, could run in the shortest time possible. The spectra
information could then be displayed and the data values transferred to
a convenient form similar to the Nz exceedence plots shown in the
previous charts.

It takes less manpower to use the S.O.U.P. programs. The ASIP
manager can sit down and use the Options program near the end of the
work day and start a batch process job that could run overnight. At
the beginning of the next work lay, the data would be available for him
to develop charts and tables for a required quarterly update of
aircraft usage.

Using the program and associate template files, the analysis and
comparison of aircraft usage from period to period would be identical.
Successive ASIP managers for a given aircraft system would develop
consistent results by using the tools provided by the S.O.U.P.
program.

Finally, the S.O.U.P. is alre..Ady being used on the current
contract for SA-ALC. Some of the results for nearly 1000 hours of F-SE
data have been shown during this presentation. Approximately 1300
hours of T-37 flight data has been analyzed and a report issued to the
U.S. Air Force. By contract end, about 1100 hours of OA-37 data and
over 3000 hours of T-38 MXU-553 data will have been processed using the
S.O.U.P. program.
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I I.

PEAK IDENTIFICATION TECHNIQUES
(ABSTRACT)

Prepared for: 1987 USAF Aircraft/Engine (ASIP/ENSIP)
Structural Integrity Program Conference

Peak identification is performed, primarily for flight
measured data, to reduce the amount of information which
must be considered for structural life analyses. The peak
identification methodology applied defines those points in
time, and therefore limits the measured data, for which
further analysis will be performed. Ideally, the peak
identification technique used will retain all stress cycles
which contribute to structural damage while eliminating
those times within an aircraft's life which are unimportant
in a structural sense. In this context, that criteria is S
quite severe. To fulfill those requirements would mean that
all aspects of the aircraft structure is well understood,
which is seldom the case, and that all future concerns have
been anticipated, which is never the case.

Peak identification methods can have a profound effect on
the structural life analyses which are performed for the
resulting spectra, and realizing these effects has become
even more important with the advent of on-board, or black
box, processing of fight recorded data. There is a current
trend toward automated analyses, including spectral
development. While this trend may be necessary due to the
amount of work required for the limited staffs available,
there is a danger which is inherent in using procedures
which are not well understood or for which the limitations
are not known.

This Peak Identification Techniques presentation is limited
to a discussion of methods by which peak maneuver response
times are established. The presentation does not discuss
ordering techniques such as rang-pair or rain-flow.
Additionally, the presentation primarily addresses fighter,
attack, and fighter-trainer aircraft. Although examples and
discussions are based on these limitations, the concepts
presented have implications across a broad range of
applications.

The Peak Identification Techniques presentation concentrates
on three established methods of peak identification. These
methods are known as "Conventional Count" or "50%
Rise-Fall", "Range Pair" or "Fixed Increment", and "Counting L
Accelerometer" or "Fixed Return". It should be noted that
the method known as "Range Pair" does not refer to the
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occurrence ordering technique knowa as "Range Vaai ,i .,,"

but is a name assigned to a peak identificatiin technijue
which was originally established to be used in conjanct ion
with "Range Pair Counting". Each of these peak
identification techniques is described in terms OL (AI LIria

and examples.

In order to compare the effect of using these tlee peak
identification methods, crack growth analysis results are
given for actual flight data obtained using each method.
Also, crack growth analysis results are given for the
resulting data as processed by three cycle-by-cycl.e
development techniques. These cycle-by-cycle development
techniques are:

1. direct cycle-by--cycle, where the actual saved maxima
and minima values are used.

2. max occurrence spectrum with one g return, where
each occurrence within a maxima range is assigned a
range midpoint value and is coupled with a normal
load factor of one g. The result is randomly
sequenced.

and
3. max-min matrix where a two dimensional matrix of

occurrences for maxima and minima ranges is created
and the result is randomly sequenced.

Implications of the choice of peak identification techniques
are discussed. This discussion is given not only iii an
absolute sense, but with respect to the manner in which the
peak identified data is to be used. The comparisons qiven
above are used to describe the dangers in using spectral
data established in a manner which is not consistent with
the analytical methods utilizing that data. The presentatioI
is concluded with recommendations for peak identificat-ion
techniques to be used for various circumstances and
suggestions for further investigations.
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Presentation Abstract for
Maneuver Spectra: THE EDIT/PRE-ANALYSIS PROGRAM

The topic of this presentation, "Maneuver Spectra: The
ED1T/PRE-TIAALYSIS Program" deals with the computer software
program called the EDIT/PRE-ANALYSIS Program. This program is
the second of three programs developed for the San Antonio Air
Logistics Center by Alamo Technology, Inc. (ATI).

The EDIT/PRE-ANALYSIS (EPRE) Program is an interactive utility
program which allows the user to make multiple revisions to
compressed MXU-553 data. It has also been tailored to accept
microprocessor data which will extend its usefulness. The S
program also provides a convenient method of marking the major
mission segments of the flight data.

The pre-processing program for EPRE is the DATA COMPRESSION
Program. It reduces the amount of flight data by retaining
only the records associated with structural stress peaks and
periodic times necessary for mission identification.

The post-processing program to EPRE is the AUTOMATED SPECTRA
AND OPERATIONAL USAGE PROFILES Program. It computes and
presents maneuver spectra data.

EPRE uses the Aircraft Flight Database developed by ATI and
currently accepts data from several different aircraft. The
aircraft include the F-5E, T-37, OA-37, and T-38. The program
was designed so that new aircraft types can be easily added.

EPRE is divided into two major parts: Edit and Pre-Analysis.
The Edit portion displays the flight data in tabular form, much
like the popular spreadsheet programs for personal computers.
It allows the user to change any value in the flight data or in
the header record that accompanies each flight file. If the
user changes a parameter value that is used in the calculation
of the Vertical Tail Bending Moment (VTMx), VTMx is
automatically recalculated. Also, since the Gross Weight is
calculated linearly, if the user changes a Gross Weight Value,
Gross Weight for the remainder of the flight is recalculated.
The same is true if the user changes the Gross Weight at Take-
Off, Fuel Weight at Take-Off, or the Fuel Weight at Landing
parameters in the header record.

The Pre-Analysis portion of the program allows the user to see
the data displayed graphically. Through the use of soreen
prompts, the user can define which parameters he wants to see
graphed. The program will display up to three graphs at once
on the screen and up to three parameters per graph. It also
allows the user to choose to have the header record information
displayed or to use that space to increase the resolution of
the plots. The user can save the configuration of plots and
even develop a library of configurations.
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Another important part of the Pre-Analysis section of EPRE is
its capability to easily mark the major mission segments. The
user can move a vertical line back and forth across the screen
and mark the Climb, Cruise, Primary, Descent, Pattern, and
Unknown flight segments. The data is automatically updated as
the user marks each segment.

Through EPRE the user can examine and change aircraft flight
data in both its numeric and graphic forms. The EDIT/PRE-
ANALYSIS program facilitates the evaluation of aircraft flight
data in a way never before realized by the Air Force. Data
Channels which appear questionable, have been easily verified
using EPRE. Perhaps the most impressive quality of the EPRE
Program is the interactive color graphic user interface that is
easy to learn and thorough in its application; at the same
time, it maintains the users interest in a tedious task. The
EDIT/PRE-ANALYSIS program has a bright and useful future, not
only just for SA-ALC, but other ALC's as well.
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